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Abstract____________ ________________ ______________
The aim of this research is to explore the technical, economic and environmental aspects as well as 
the drivers and barriers of the integration of energy-from-waste (EfW) technologies within building 
developments in the UK.
The main driver found for EfW is sustainable development, while key barriers identified include 
difficulties of integrating EfW within building developments and lack of waste data. This research has 
provided two main contributions to knowledge to overcome these barriers.
The first is a decision support tool to inform an EfW technology selection process. The second is a 
waste estimation tool to estimate operational waste generation. Both tools are intended to be used at 
the early stages of a building development project when little information is known and there is a lot 
of uncertainty, but strategic decisions need to be made.
The decision support tool has an initial technical screening phase to discard EfW technologies for 
which there is not enough waste or land available. The second phase is a multi criteria decision 
analysis integrating quantitative economic (life cycle costing) and environmental (life cycle 
assessment) data with qualitative stakeholder's opinions through weighting and scoring to create a 
ranking of preferred technologies.
The waste estimation tool compiles the published benchmarks on municipal, commercial and 
industrial waste and supplements them with data from waste audits. It uses a simple published 
methodology to estimate the quantity and composition of waste generated by different building types.
Both tools were tested with a group of building developments in Reading (UK), providing useful data 
for the client. Issues raised by stakeholders included lack of understanding of environmental criteria 
and not including socially generated impacts. The former was resolved by providing detailed 
explanations and aggregating some criteria. Addressing the latter will require further investigation in 
future to include noise, visual intrusion and odour issues.
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Executive summary
Research aim and questions
This research project has two main aims. The first is to produce new understanding of 
the technical, economic and environmental aspects of energy-from-waste (EfW) 
technologies and their integration into building developments. The second is to define 
comprehensively the drivers and barriers for this integration. The intention is that this 
new knowledge can be used to enable a systematic approach to selecting the most 
appropriate generic EfW technology for a building development between anaerobic 
digestion, incineration, gasification and pyrolysis.
In order to pursue these aims, the following research questions have been 
investigated;
•  How can the most appropriate EfW technology be selected given the 
technological limitations while considering the economic and environmental 
aspects?
•  What are the drivers and barriers for the integration of EfW technologies within 
building developments?
•  How can the barriers be overcome?
These questions arise due to growing awareness of the broad agenda which comes 
under the heading of “sustainability” (WCED, 1987), but also because of increasing 
waste generation and energy demand that open new opportunities for EfW. 
Nonetheless, it is acknowledged that these are secondary questions stemming from 
the possible answers to general questions such as “what is the most appropriate 
waste management strategy?” or “what are the most sustainable forms of energy 
generation?”. This research does not try to answer these primary questions nor to 
carry out a detailed selection of any specific EfW plant or process. It rather focuses on 
enabling the selection of the most appropriate generic EfW technology for a building 
development and helping to discard inappropriate technologies whilst enabling a 
focused and detailed analysis of the remaining options during more advanced phases 
of the building development. The outcomes of this research are intended to be used at 
the very early stages of a building development project when strategic decisions need 
to be made but there is still a lot of uncertainty and no detailed information.
Contributions to knowledge
As a result of the research carried out to answer the above questions, two 
contributions to knowledge have been made:
The first is a Decision Support Tool (DST) that will enable a systematic approach to 
selecting the most appropriate generic EfW technology for a building development 
considering the technological limitations as well as the economic and environmental 
aspects of EfW. As the most important contribution to knowledge of this research, the 
DST was described in a peer-reviewed conference paper titled “A decision support 
tool for the integration of energy from waste technologies within the built environment” 
presented in the Second International Symposium on Energy from Biomass and 
Waste in Venice 2008.
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The second contribution to knowledge is a Waste Estimation Tool (WET) that enables 
estimating of the operational waste quantities and composition that will be generated 
in a new building development, using only information available at the early stages of 
the project. A peer-reviewed journal paper on the W ET and a comparison between 
published data and the findings of an office building waste audit has been accepted  
for publication in the Communications in Waste and Resource Management journal 
edited by the Chartered Institution of Wastes Management in the UK. The paper is 
titled “The use of operational waste benchmarks to estimate waste quantities and 
composition for waste strategies and to assess environmental performance of building 
developments within cities”.
In addition to these contributions, during this research three waste audits have been 
carried out whose results will help to improve the poor existing data on waste 
quantities and composition from commercial and industrial buildings.
Research drivers
A literature review has identified the most important drivers for EfW, and consequently 
for this research, thus partially answering the research question on the drivers and 
barriers for the integration of EfW technologies within building developments.
Sustainability, or sustainable development, is the most important driver for any 
technology that can contribute to reduce the consumption of resources, the impact on 
nature and increase the value of the product or service (WBCSD, 2000). EfW is one of 
these technologies because it can:
•  Contribute to optimise material usage,
•  Reduce the amount of waste landfilled,
•  Reduce the emission of enhanced greenhouse gases,
•  Generate renewable electricity and heat with local waste.
These characteristics are the drivers found in the literature review for EfW
technologies together with enhancing the security of energy supply.
Energy from waste, or energy recovery, is one of the possible waste management 
alternatives ranked by the waste hierarchy that is the guiding principle of the EU 
Waste Framework Directive (European Commission, 2008). It is based on life cycle 
thinking and according to it, not producing the waste in the first place or reusing 
discarded materials are the preferred options, with recycling being the next favoured 
alternative. Finally, energy recovery is preferred over disposing the waste to landfill. In 
practice, even with high levels of recycling, there will be always some residual, i.e. not 
recyclable, waste that it would be preferable to treat in a EfW plant rather than dispose 
of to landfill and this is a driver for EfW technologies.
During the technical review, it has been found that the volume and weight of waste 
treated in thermal EfW plants are greatly reduced. It has also been found that a 
fraction of the solid residue generated by thermal EfW plants, i.e. bottom ash, can be 
reprocessed into secondary aggregates and that recyclable metals can be recovered 
from this bottom ash. Moreover, the solid and liquid effluents of anaerobic digestion 
plants can be used as fertilisers. This avoids extraction and processing of primary 
resources and energy which is another EfW driver. In summary, it has been 
established that EfW helps to limit unavoidable final disposal, i.e. landfill
Regarding the emissions of gases that contribute to the enhanced greenhouse effect, 
there is a large agreement that human activities are harming the environment
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(Pachauri and Reisinger, 2007). International agreements, like the Kyoto protocol 
(UNFCCC, 1997), have established targets to reduce emissions of these gases. In 
Europe, the Landfill Directive (European Commission, 1999) established sequential 
targets to reduce the amount of biodegradable waste landfilled so that less than 35%  
of the amount landfilled in 1995 could be landfilled by 2020. In the UK, legislation has 
been passed limiting greenhouse gas emissions, e.g. the Climate Change Act 2008  
has set an 80%  reduction target of greenhouse gases by 2050 lower than the 1990 
baseline. These agreements and the legislation are very powerful drivers for EfW 
because, during the literature review it has been established that EfW can contribute 
to reduce emissions of greenhouse gases such as COg and CH 4 . EfW limits emissions 
because it displaces primary energy, which is 90%  of fossil origin (DECC, 2008), with 
energy that is partially renewable, depending on its biodegradable content. Moreover, 
the organic matter in the waste diverted from landfill by EfW technologies does not 
decay into CH 4  inside the landfill which might, otherwise, leak to the atmosphere 
where it has a global warming potential more than 20 times higher than COg.
Another driver identified for EfW is that it generates renewable energy, both in the 
form of heat and electricity, and that it can make a large contribution towards the EU’s 
renewable energy target of 20%  by 2020 (European Commission, 2007). Particularly, 
the ICE (2005) has estimated that EfW can potentially produce 17%  of UK’s electricity 
in 2020 with residual waste whilst achieving recycling levels of 40%  of MSW . 
Moreover, if more EfW plants were integrated within building developments, it would 
be easier to supply a large fraction of the domestic and industrial users’ demands that 
represented 46%  of the final energy consumption in 2005 in the UK (DTI, 2006).ln this 
aspect, the example of Denmark (Danish Energy Agency, 2009), where district heating 
schemes supply heat to 60%  of the population and 25%  of the heat distributed comes 
from wastes, should act as a model to encourage the use of EfW in the UK to supply 
renewable heat.
At national scale, security of energy supply is another important aspect that has been 
identified in the UK Energy Strategy (DTI, 2007c). This is a potential driver for EfW  
because the use of local waste as fuel means less dependency on foreign fossil fuel 
imports. Moreover, the treatment of waste near where it is generated enforces the 
proximity principle that is a key part of the EU environmental and waste management 
policy (European Commission, 2005) and another driver for EfW.
Finally, another of the drivers of this research is the possibility of using its outcomes to 
improve the business services portfolio of the sponsoring company, Buro Happold.
Methodology
The problem of selecting the most appropriate EfW technology for a building 
development considering the technological, economic and environmental aspects is 
an intricate problem because of the large number of disciplines, the complexity of the 
issues, their uncertainty and the high stakes involved. Therefore, it needs to be treated 
under the “post-normal science” paradigm as defined by Ravetz et al. (1993). The 
selection of an EfW technology in these circumstances is an “strategic decision” 
(UNEP, 1999; Mitchell, Carew et al., 2004) that should be made by an “extended peer 
community” (Funtowicz, Martinez-Alier et al., 1999; Clift, 2006) and without 
“aggregating the objectives into a single metric because this conceals information and 
can lead to sub-optimal decisions” (Mitchell, Carew et al., 2004, p. 38).
The answer to this problem proposed in this research is a Decision Support Tool (DST) 
capable of informing the decision making process, integrating quantitative results from 
multi-disciplinary analyses as well as qualitative opinions from stakeholders, dealing
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with uncertainty and complexity and whose answers should not present implicit trade­
offs. This tool uses the multi criteria decision analysis (MCDA) methodology that 
appeared in the seventies after the work of Keeney and Raiffa (1976) and that has 
these capabilities. MCDA has been used before to deal with strategic decisions and 
“post-normal science” problems (Wrisberg and Udo de Haes, 2002; Shmelev and 
Powell, 2006) and it has even been applied to waste problems (Murphy and McKeogh, 
2004; Longden, Brammer et al., 2007). Moreover, the former UK Department for 
Transport, Local Government and the Regions (DTLR) has published a methodology 
on “how to undertake and make the best use of multi-criteria analysis” (DTLR, 2000, 
chapter 1 ) that has been followed in this research.
The Decision Support Tool has two phases; an initial screening technological phase 
with a second phase where MCDA incorporates the economic and environmental 
analyses (of. Figure 1). Following the DTLR methodology, it is necessary to identify the 
criteria to be appraised. Therefore, in each phase, the most relevant aspects of the 
analyses were selected as criteria. The results of each technology against each 
criterion are then scored against those of the other technologies and the stakeholders 
assign weights to each criterion. Finally, the DST generates a ranking of EfW 
technologies based on the sum of the weighted scores for each technology on the 
selected technical, environmental and economic criteria clearly informing the decision 
making process without hiding information.
Changing framework:
Legislation, Energy prices and taxes, Barriers & Drivers
INPUTS OUTPUTS
Waste
Estimation
Tool
Quantitative:
• Building type
• Location
• Waste estimation
Decision Support Tool • Ranking of
adequate
technologies.
Screening
(Technology)
• Energy outputs
• Costs
• Land requirements'  Multi Criteria \ 
Analysis
(Environmental&’ 
(  Economic) J
Qualitative:
• Opinions • LCA environmental 
impacts
Figure 1. Structure of research
Waste estimation tool
The integration of EfW technologies within a building development should be 
considered during the early stages of the project. However, planning of waste 
infrastructures requires information on waste quantities and composition, but these 
estimates are difficult to generate because of the very limited information available on 
any project in its early stages. To address this problem, an approximate estimate of 
waste generation and composition can be made using previously published waste 
information, e.g. benchmarks, or with data from waste audits.
To produce these estimations, this research has developed a Waste Estimation Tool 
(WET) that adapts a methodology devised for estimating building developments’ 
energy demands to estimate the quantity and the composition of the operational 
waste that will be produced in a building development. This research has found that
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waste data are very scarce, particularly for commercial and industrial wastes and to a 
lesser extent for municipal waste. Nonetheless, the WET has compiled published 
waste data benchmarks on these types of wastes and has complemented them with 
three waste audits carried out during this research to help overcome this lack of 
information. The waste estimations can be used by the Decision Support Tool as 
shown in Figure 1, although both tools are independent. Nonetheless, if used in 
combination they can transform a limited set of quantitative and qualitative inputs into 
a range of useful outputs for selecting the most appropriate EfW technology for a 
building development as a result of the detailed knowledge gained on waste 
generation and the technical, economic and environmental aspects of EfW 
technologies.
Technical review
A technical review of anaerobic digestion, incineration, gasification and pyrolysis was 
undertaken to collect information on the processes, operating parameters, inputs and 
outputs, energy and mass balances as well as capacities, footprints and lifespan. 
Additionally, information on noise, odour and visual intrusion issues was compiled 
together with the current situation and expected future evolution for each technology.
These data have been used to establish the relevant technical criteria to be 
considered in the first phase of the Decision Support Tool. These are odour, noise, 
visual intrusion, availability of suitable waste/feedstock, land availability and if the 
technology is technically proven in the UK.
During the technical review it was found that there were some minimum values for a 
plant's waste processing capacity and land availability which could act as thresholds 
for discarding some technologies before progressing them to the DST’s second 
phase. For example, a technology is not considered in the second phase if it is found 
in the first phase that the estimated quantities of suitable waste/feedstock to be 
treated are not above the technology’s identified minimum plant design capacity 
threshold. The identified thresholds based on several sources (Rand, Haukhol et al., 
2000; McLanaghan, 2002; O ’Brien, 2002; Greenfinch Ltd., 2006; Tomberlin, 2006) 
were 5,000 tonnes per annum (tpa) for anaerobic digestion, 30,000 for gasification and 
pyrolysis and 60,000 tpa for incineration. Similarly, if the footprint required by one of 
the EfW technologies is larger than the available site area, that technology is not 
considered further. Additionally, brief technical overviews of plasma arc gasification 
and Mechanical Biological Treatment, are presented for completeness.
Economic and environmental analysis
Specialised approaches have been used to carry out the economic and environmental 
analyses in the second phase of the Decision Support Tool and their results integrated 
using the MCDA properties. For these analyses, analytical tools that “model the 
system in a quantitative or qualitative way aiming at providing technical information for 
a better decision” (Wrisberg and Udo de Haes, 2002, p. 38) are preferred over 
procedural tools that guide the decision process. Moreover, the EU Thematic Strategy 
on the prevention and recycling of waste (European Parliament, 2005) requires a life­
cycle approach to address waste recycling and prevention topics. As a result, suitable 
tools for this research ought to incorporate life cycle thinking (McDougall, 2001) and 
provide analytical results to be scored.
Based on these requirements. Life Cycle Costing (LCC) was preferred over Cost 
Benefit Analysis as the economic tool to be used and Life Cycle Assessment (LCA)
Pablo izquierdo Lopez
EngD Dissertation__________________________________ Volume I_______________________________Page 6
was preferred over Environmental or Strategic Impact Assessments methods for the 
environmental analysis.
Using information gathered during the technical review, a bespoke economic model 
using life cycle costing that “looks at the complete life-span of a product to calculate 
whole life costs” (Wrisberg and Udo de Haes, 2002 ,p. 54) was created on Microsoft 
Excel. Qualitative assessment of the feasibility of securing feedstock in the long-term  
is one of the economic criteria scored and weighted in the Decision Support Tool 
together with quantitative estimations of capital cost. Net Present Value and Payback 
of EfW plants. The model estimates these values using the discounted cash-flows of 
operational costs, e.g. labour, administrative and disposal costs, revenues, e.g. gate 
fees and sales from energy and materials, and incentives, e.g. renewable obligation 
certificates. The model facilitates sensitivity analyses because it stores maximum, 
minimum and average values for all its inputs.
Life Cycle Assessment (LCA) is used to carry out the environmental analysis to inform 
the waste management process selection and design, as described by Clift et al. 
(2000). LCA is one of the most widely accepted and used analytical tools for 
evaluating environmental aspects and is described in ISO 14040 as the “compilation 
and evaluation of the inputs, outputs and the potential environmental impacts of a 
product system throughout its life cycle” (ISO, 2006). Despite its wide implementation, 
LCA has limitations and some became apparent during the feedback of the case 
study used in this research to test the tools created. For example, LCA cannot 
address some aspects considered important by the stakeholders such as socially 
constructed impacts (Burningham, 1998), e.g. noise, odour and visual intrusion. 
Nonetheless, after the case study feedback, these criteria were incorporated as part of 
the technical analysis.
WRATE, a commercial simplified life cycle assessment software for waste 
management, has been used for the environmental analysis following ISO 14040  
guidelines. As part of the environmental analysis, a scenario was modelled for each of 
the EfW technologies considered together with the associated waste management 
activities, e.g. collection, recycling and disposal. WRATE presents the results of a life 
cycle assessment for each EfW technology, or for the whole associated waste 
management activities, in the form of six environmental impact categories: abiotic 
resource depletion, global warming, freshwater aquatic ecotoxicity, acidification, 
eutrophication, and human toxicity. These have been used as the environmental 
criteria. The results show that EfW reduces environmental impacts, particularly in the 
first two categories, and it is environmentally better than landfill, thus supporting the 
waste hierarchy.
Scoring, weighting and sensitivity anaiysis
As part of the MCDA methodology, the environmental and economic model’s results 
for each criterion have to be scored and then weighted by stakeholders. Scoring 
normalises the criteria results for each of the different technologies into a unitless 
number in proportion to the results of the other technologies considered. This process 
allows the results of the different criteria to be compared. Weighting is the process 
that incorporates stakeholders’ qualitative opinions into the final results. The scoring 
and weighting processes have been implemented with the commercial software 
HiView 3.2.
The combined scoring and weighting method ensures that absolute values do not 
distort the results whilst reflecting their relative importance. However, in order to avoid
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obscuring information and hiding trade-offs, weights will also be presented with the 
criteria scores in the final ranking of the DST as shown in Figure 2.
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Figure 2. R elative criteria group w eights and contribution of scored w eights
The final step of the DTLR’s methodology is to carry out a sensitivity analysis to 
assess which inputs are the most influential in the outputs of the MCDA analysis. A 
range of sensitivity analysis techniques had to be used in this research, because of the 
different sources of the inputs’ variability, e.g. changes of stakeholders’ opinions or 
data variability, as well as the variety of models used. The techniques vary from 
providing an average value and a possible variation range for the results of the Waste 
Estimation Tool to a Monte Carlo analysis using discrete and continuous distribution 
functions for the inputs in the economic model. Finally, a graphical sensitivity analysis 
incorporated in HiView was used to analyse the influence of changing the criteria 
weights.
Case study
In the last stages of the research, a case study was used to test the different elements 
of the research. Additionally, the case studied was useful to highlight the applicability 
of the research to a business case and to gauge the demand for these types of 
business services. Two companies showed interest in testing the research with their 
projects and finally the selected case study was a group of proposed developments 
by PRUPIM in the outskirts of Reading (UK).
The feedback during the presentation of the results was positive although it 
highlighted the need to make the environmental analysis results more accessible for 
non-technical users. Furthermore, as a result of the case study, it was necessary to 
add some criteria, e.g. noise, odour and visual intrusion, to the original set proposed 
after the stakeholders suggested them as very relevant. Finally, the case study helped 
to improve the integration between DST elements that had only been used 
independently until then.
Conclusions
This research has identified several barriers to the integration of EfW technologies 
within building developments. The most important is the difficulty of making the 
strategic decision to select the most appropriate technology for a building 
development. This difficulty is worsened by the need to make this decision in the early
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stages of a project when very little Information is available and there is much
uncertainty. Moreover, the review of published waste data identified a lack of general 
waste data that further complicates the decision making process.
Other barriers have been identified during the technical analysis. For example, it has
been established that incineration has been the only fully commercially proven EfW 
technology in the UK until recently and this has hindered the development of other 
EfW technologies such as AD and gasification which are now becoming commercially 
proven. Therefore, support programmes are necessary to encourage the uptake of the 
remaining EfW technologies. The New Technologies and AD Demonstration 
Programmes by the UK Government are a movement in the right direction to 
overcome this barrier. Moreover, noise, visual and odour issues need to be carefully 
considered in plant design regardless of the technology, so that plants can integrate 
better within building developments. In any case, no single technology has been found 
adequate for all situations, reinforcing the need for a DST tool to guide the selection of 
the most appropriate technology.
The economic analysis has shown that EfW plants rely heavily on gate fees and to a 
lesser extent on electricity sales and incentives. This dependence of EfW plants on 
income from electricity is a barrier for combined heat and power (CHP) plants. These 
types of plants, despite having higher overall efficiencies, have usually lower electricity 
efficiencies. This means that CHP plants are penalised economically twice, i.e. loss of 
revenue and incentives for electricity, and the loss might not be compensated by sales 
of heat that is cheaper than electricity. This is an example of a perverse incentive or 
“poisonous carrot" that was created to support renewable energy generation but has 
inadvertently discouraged renewable heat generation. Additionally, it has been found 
that CHP plants have higher capital and operational costs and that heat distribution 
infrastructure is very expensive. On the other hand, the environmental analysis carried 
out has shown that CHP plants achieve more environmental benefits than electricity- 
only plants. Therefore, the results of this research support the implementation of a 
Renewable Heat Incentive scheme, as currently proposed by the UK Government.
The main environmental conclusion identified in this research is that treating waste in 
any EfW plant achieves environmental benefits, i.e. avoided impacts, than landfilling 
waste, thus supporting the waste hierarchy. Moreover, it has been established that the 
environmental benefits, particularly in the abiotic resource depletion and global 
warming categories, and the amount of energy recovered in the EfW technologies 
have a very strong correlation. Therefore, it has been found that higher environmental 
benefits are achieved by CHP plants compared with electricity-only and by thermal 
technologies when compared with biological treatments.
In summary, this research has developed two contributions to knowledge that address 
the main two barriers identified. Firstly, this research has created a two-stage Decision 
Support Tool using MCDA methodology to enable a systematic approach to selecting 
the most appropriate generic EfW technology for a building development. Secondly, a 
Waste Estimation Tool has been created to estimate waste quantities and composition 
from building developments. In addition, three waste audits have been carried out to 
improve the availability of operational waste data. Moreover, the barriers identified 
during the analyses have been compiled together with some possible methods to 
overcome them, thus providing answers to all the proposed research questions and 
fulfilling the aims of the research.
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1 Research context________________________________
The main aim of this research is to explore the technical, economic and environmental 
aspects as well as the drivers and barriers of the integration of energy-from-waste 
(EfW) within building developments in the UK.
Based on this aim, the following research questions are to be investigated:
•  How can the most appropriate EfW technology be selected given the 
technological limitations while considering the economic and environmental 
aspects?
•  What are the drivers and barriers for the integration of EfW technologies within 
building developments?
•  How can the barriers be overcome?
These questions arise due to growing awareness of the broad agenda which comes 
under the heading of “sustainability” (WCED, 1987), but also because of increasing 
waste generation and energy demand (of. section 1 .2 ) that open new opportunities for 
EfW. Nonetheless, it is acknowledged that these are secondary questions stemming 
from the possible answers to general questions such as “what is the most appropriate 
waste management strategy?” or “what are the most sustainable forms of energy 
generation?”. This research does not try to answer these primary questions nor to 
carry out a detailed selection of any specific EfW plant or process. It rather focuses on 
enabling the selection of the most appropriate generic EfW technology for a building 
development and helping to discard inappropriate technologies whilst enabling a 
focused and detailed analysis of the remaining options during more advanced phases 
of the building development. Finally, the outcomes of this research are intended to be 
used at the very early stages of a building development project when strategic 
decisions need to be made but there is still a lot of uncertainty and no detailed 
information.
Section 2 presents the methodology used to answer the first research question. This 
methodology will be developed in the remaining sections of this dissertation. 
Regarding the second research question, the drivers for EfW and its integration with 
building developments are described in the present section. Section 3 presents the 
Waste Estimation Tool, another of the contributions to knowledge of this research 
whilst sections 4 to 11 present the detailed technical, economic and environmental 
analyses. Section 13 describes the sensitivity analysis of the tools created in this 
research. Finally, the answer to the third research question with possible methods to 
overcome the identified barriers are discussed in the conclusions of this dissertation 
(of. section 15).
1.1 Research drivers
The drivers for this research are closely linked to those for EfW. Therefore, in this 
section, the EfW drivers are presented, thus partially answering the second research 
question.
One of the most important drivers of this research is sustainability or sustainable 
development. This concept was introduced by the Brundtland report (WCED, 1987) 
which challenged the prevailing paradigm of development defined solely by economic 
growth. Ever since, the sustainability concept has gained prominence and has 
become “a widely accepted goal for policy makers” (Perdan, 2004), e.g. the UK
Pablo Izquierdo Lopez
EngD Dissertation Volume Page 10
sustainable development strategy (Secretary of State for Environment Food and Rural 
affairs, 2005). Sustainable development can be achieved by using sustainable 
technologies and practices, e.g. renewable energy. Therefore, sustainable 
development is a very important driver for any technology that can contribute to 
reduce the consumption of resources, the impact on nature and increase the value of 
the product or service (WBCSD, 2000). EfW is one of these technologies because it 
can:
•  Contribute to optimise material usage,
•  Reduce the amount of waste landfilled,
•  Reduce the emission of enhanced greenhouse gases,
•  Generate renewable electricity and heat with local waste.
Furthermore, EfW can enhance the security of energy supply; this is another important 
driver for EfW. All these drivers are explored in this section, to confirm the importance 
of EfW and the relevance of this research.
Reduce
Reuse
Recycle
Energy Recovery
Disposal
Figure 3. W aste hierarchy (DEFRA, 2007).
Energy from waste, or energy recovery, is one of the possible waste managerhent 
alternatives ranked by the waste hierarchy adapted from the original and revised EU 
Waste Framework Directives (European Commission, 1976; European Commission, 
2008). The waste hierarchy is based on life cycle thinking and ranks waste 
management options as shown in Figure 3.
According to the waste hierarchy, not producing the waste in the first place or reusing 
discarded materials are the preferred options, with recycling being the next favoured 
alternative. Finally, energy recovery is preferred over disposing the waste to landfill.
However, selecting any of these options, particularly between recycling and energy 
recovery, requires a flexible approach as stated by EAI (2005). This flexibility is also 
recognised by the New Waste Framework Directive that acknowledges that the waste 
hierarchy presents a general ranking of the best overall environmental options but that 
alternatives should be allowed when justified (European Commission, 2008). In fact, 
recycling does not always achieve the best environmental benefits because, as has 
been demonstrated by a review of many Life Cycle Assessments (LCAs) by Wenzel for 
WRAP (2006). That research concluded that recycling and composting, depending on 
the type of material considered, had better environmental results than energy recovery 
in 75%  of the cases, thus ratifying EAl’s approach and presenting a driver for the use 
of EfW in the remaining 25%  of the cases.
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In practice, even following the principles of the waste hierarchy and achieving high 
levels of recycling, there will be always some residual waste that could be treated in 
EfW plants rather than disposed of to landfill and this Is a driver for EfW technologies. 
Nonetheless, recycling, EfW and landfilling are complementary parts of an integrated 
waste management strategy, as many European countries have demonstrated 
(Eurostat, 2008) and this research should help to identify the most appropriate EfW 
technology for any specific project.
Yet another driver is that EfW helps to limit unavoidable final disposal in landfill. 
Volume and weight of waste treated in thermal EfW plants are greatly reduced, by 
90%  and 75%  respectively (Biffa, 2003; DEFRA, 2005). In particular, the solid residues 
contain between 2%  and 5%  ferrous and non-ferrous metals that can be recycled 
(AEA Technology, 2007). Moreover, only half of the remaining bottom ash, which 
represents between 80%  and 95%  of the residues, is landfilled (CIWM, 2003) whilst 
the remaining fraction can be reprocessed into secondary aggregates (Ballast Phoenix 
Ltd., 2009). This reprocessed material currently provides 25%  of the UK’s aggregates 
demand and it is expected to reach 30%  (Eunomia, 2007). Fly-ash and flue gas 
cleaning residues account for the remaining 2 0 %  to 5%  of the residues (DEFRA, 2007; 
Yassin, 2008). They are considered hazardous and, despite research onto alternative 
treatments and use, usually require disposal to special landfills (CIWM, 2003; 
Environment Agency, 2006; Vehlow, 2006).
Therefore, only a small fraction of the waste treated in EfW plants is subsequently 
disposed of to landfill. Furthermore, a large fraction of the non-disposed solid residues 
is recycled into secondary metals or aggregates. This avoids extraction and 
processing of metal ores and aggregates, thus saving scarce primary resources and 
energy. Consequently, another two EfW drivers are that it diverts waste from landfill 
and that it contributes to optimise material usage.
Regarding the emissions of gases that contribute to the enhanced greenhouse effect, 
there is a large agreement that human activities are harming the environment (IPCC,
2001). Therefore, following the precautionary principle (European Commission, 2000), 
humanity needs to act now to stop climate change. As stated in the Stern Review 
(2006) “There is still time to avoid the worst impacts of climate change, if we take 
strong action now.”
International agreements, like the Kyoto protocol (UNFCCC, 1997), have established 
targets to reduce emissions of greenhouse gases. The European Union (EU), through 
legislation like the Renewable Directive (European Commission, 2001) and the Landfill 
Directive (European Commission, 1999) is playing a leading role in this matter. 
Additionally, the European Trading Scheme Directive (European Commission, 2003) 
established the basis of a European market for carbon allowances between the EU 
members trying to create a “carbon market” and to encourage innovation on 
technologies that could fight climate change such as EfW. Moreover, the UK set itself 
an ambitious target of 60%  reduction in COg emissions below 1990 levels by 2050  
(DTI, 2003) but has updated it to 34%  by 2020 and at least 80%  by 2050 in the 
Climate Change Act (UK Parliament, 2008) through legally binding ‘carbon budgets’.
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EfW can help to 
reduce:
50.2% of COzeq
Others 8 %
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40% of CH 4 • y
CO 2
84%
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Domestic 23.5% of C 0 2 eq
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Industrial 23.5% of COzeq
28% of CO 2
Figure 4. EfW can help reduce UK GHG emissions. Figures in tonnes of 00^ equivalent in 2004 from  
DEFRA (2006; 2006).
According to DEFRA (2006; 2006), the UK domestic and industrial sectors, each 
generating 28%  of total COg emissions of the country in 2004, and landfill, which 
represents around 40%  of total CH 4  emissions, are three large emitters of enhanced 
greenhouse gases (IPCC, 2001). Figure 4 represents these quantities in tonnes of COg 
equivalent showing that integrating EfW within building developments could contribute 
to reduce the greenhouse gas emissions in the UK. This reduction will come as a 
result of the avoided burdens (cf. section 1 1 .2 ) associated with diverting waste from 
landfill and generating energy for the domestic and industrial sectors. Furthermore, 
this potential role of EfW to reduce greenhouse gas emissions has long been 
recognised (Strategy Unit, 2002) and is acknowledged in the current waste strategy for 
England (DEFRA, 2007) and energy white paper (DTI, 2007).
Of particular relevance to the amount of greenhouse gases are emissions from 
landfills. In them, biodegradable matter decays to methane (CH 4 ) that can leak through 
the landfill cover into the atmosphere where it has a greenhouse warming potential 
over 20 times larger than COg (Houghton, Ding et al., 2001). In an attempt to reduce 
these emissions, the Landfill Directive (European Commission, 1999) was introduced. 
It established targets to reduce the amount of biodegradable waste landfilled by 2010  
to less than 75%  of the amount landfilled in 1995, less than 50%  by 2013 and less 
than 35%  by 2020. These targets are very powerful drivers for the EfW technologies 
that can divert waste from landfill, and particularly for those technologies most 
suitable for biodegradable waste, e.g. anaerobic digestion.
Another driver for EfW is that the biogenic fraction of the energy generated by some 
EfW technologies is considered renewable, both in the form of heat and electricity and 
it can represent a large contribution towards the EU’s renewable energy target of 20%  
by 2020 (European Commission, 2007). In particular for electricity in the UK, the 
Renewable Obligation (RO) (UK Parliament, 2009) has set up targets of 10%  and 15%  
of the total electricity generated to come from renewable sources by 2 0 1 0  and 2015
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respectively. However, in 2006, renewable electricity accounted for only 4 .6%  of the 
total electricity demand in the UK as Figure 5 shows.
3-5 ■
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Figure 5. Growth in electricity generation from renewable sources in the UK since 1990 (DTI, 2006)
Only the energy generated with the biodegradable fraction of waste would count as 
renewable as defined in the EU Renewable Directive (European Commission, 2001). 
According to the former UK Department for Trade and Industry, the biodegradable 
percentage of municipal solid waste (MSW) was 67.5%  in weight (DTI, 2006) whilst the 
Renewabo Obligation banding consultation proposed a default value of 50%  on the 
waste energy content (UK Parliament, 2009). Nonetheless, the ICE (2005) has 
estimated that EfW can potentially produce 17%  of UK’s electricity in 2020 with 
residual waste whilst achieving recycling levels of 40%  of MSW . This potential large 
contribution has allowed many sources (ICE and RPA, 2005; IMechE, 2008) and in 
particular to Coggins et al. (2009) to say that “Using waste to generate energy should 
become a central pillar of government policy in this area”.
Furthermore, renewable energy also includes renewable heat, although until very 
recently, e.g. the renewable heat incentive (Ernst and Young, 2007), no attention was 
paid to it. The “Biomass as a renewable energy source” report by the Royal 
Commission on Environmental Pollution (RCEP, 2004) was the first report to highlight 
the relevance of renewable heat towards reducing greenhouse gas emissions as its 
potential contribution to the targets established in the energy (DTI, 2003; DTI, 2007) 
and waste strategies (Strategy Unit, 2002; DEFRA, 2007). This attention to the 
potential role of biomass led to the publication of the Biomass Task Force report 
(MacLeod, Clayton et al., 2005) and the Biomass Strategy (DEFRA, DTI et al., 2007). 
Furthermore, following these reports, a task group has been appointed to develop 
anaerobic digestion (AD) in the UK and recently published an Implementation Plan for 
Anaerobic Digestion (Anaerobic Digestion Task Group, 2009) thus providing yet 
another driver for EfW in general, AD in particular, and for this research.
Since the relevance of renewable heat was highlighted in the latest Energy white 
paper (DTI, 2007), its potential contribution has been established along with potential 
support mechanisms. It has been estimated that renewable heat could contribute 
between 200 and 400 TWh, which is equivalent to between 30%  and 60%  of UK’s 
estimated heat demand (Ernst and Young, 2007). Unfortunately, extrapolating the data 
from the current UK situation, the estimated contribution of EfW is minimal, only 
between 1.7 and 5.7 TWh. However, as the report acknowledges, if the Danish
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example, where DH schemes supply heat to 60%  of the population and 25%  of the 
heat distributed comes from wastes (Danish Energy Agency, 2009), was to be 
followed in the UK, this contribution could be much higher. Regarding the potential 
support mechanisms, a review of heat generation in combined heat and power (CHP) 
plants (AEA Technology, 2005) and a business case studying renewable heat potential 
(Ernst and Young, 2007) have established the need for incentives if the sector is to 
develop. Possible incentives have been identified (Ernst and Young, 2007) and the 
different possibilities are now under public consultation by the Department for Energy 
and Climate Change, with a view to having renewable heat incentives in place by 2011 
(DECC, 2009).
In summary, renewable heat can contribute to the energy and waste objectives 
established in the respective strategies. Forecasts based on current practice suggest 
that the contribution of EfW to renewable heat will not be substantial. However, it can 
be envisaged that initiatives such as the renewable heat incentive, combined with 
specific actions such as the AD implementation plan, could drive the UK to aspire to 
achieve a similar situation to Denmark, thus opening opportunities for EfW 
technologies in general.
EfW closes the energy and material resources loop (cf. Figure 6 ) and helps to 
decouple economic growth from resources thus creating a more sustainable society 
(Strategy Unit, 2002). However, critics, mainly in Anglo-Saxon countries, claim that 
EfW hampers recycling and that produces toxic emissions like dioxins (Greenpeace, 
2000; FoE, 2002; FoE, 2007; Greenpeace, 2007). Nonetheless, the empirical evidence 
is to the contrary, with high recycling levels in many European countries where EfW is 
used extensively (Eurostat, 2008). Moreover, improvements in process technology 
have led to a tenfold reduction in dioxins emissions in the last decade (NAEI, 2003).
W aste  generators and 
energy consum ers
H eat and 
Pow er
W aste
E fW  
processes
Figure 6. EfW allows closing the energy and material resources loop
At national scale, security of energy supply is another important aspect of the energy 
strategy (DTI, 2007) in which EfW can help because it uses local waste as fuel. This 
has also been recognised at European level (European Commission, 2000) because 
using locally produced waste to produce energy means less dependency on foreign 
fossil fuel imports.
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Finally, another particularity of this research is that it considers the integration of EfW 
within building developments at a local scale rather than at regional or larger scales. 
This implements the proximity principle, a key part of the EU environmental and waste 
management policy, that argues that waste should be managed near to where it is 
produced (European Commission, 2005).
This last feature makes the outputs of this research attractive for Buro Happold, the 
sponsoring company, as it fits very well with the type of projects it undertakes. This 
represents another of the drivers of this research because the results are not only 
valuable for Buro Happold, but also for other parties. For Buro Happold, the skills 
gained through this research have allowed it to offer waste management services in 
general and EfW feasibility studies in particular as an addition to its services portfolio. 
The appeal to other parties has been confirmed by the interest in the case study 
carried out to test the tools created in this research (cf. section 14) in which two 
companies wanted to be involved.
7.2 Energy and waste data
This section presents data on energy and waste to put in context the relevance of this 
research and the magnitude of the potential EfW contribution in the UK.
1.2.1 Energy
Figure 7 illustrates the evolution of primary energy consumption in the UK showing 
stabilization in recent years although it is still expected to increase worldwide (DoE, 
2005; lEA, 2005).
Total primary energy consumption evolution
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Figure 7. Evolution of UK primary consumption (DECC, 2008).
It is in this context of high energy demands where EfW’s main outputs, i.e. partially 
renewable heat and power (European Commission, 2001; DTI, 2006), can replace 
more than 90%  of primary energy of fossil origin (DECC, 2008). If more EfW plants 
were integrated within building developments, it would be easier to supply a large 
fraction of the domestic and industrial users’ demands that represented 46%  of the 
final energy consumption in 2005 in the UK as Figure 8  shows. Some EfW 
technologies could also displace fossil energy used for transport in the form of
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compressed and liquefied upgraded syngas or biogas; however, these applications 
are not related to building developments and are therefore outside the scope of this 
research.
Final energy use per user Final energy per fuel
Non­
energy Other
Industry 3%  Electricity
Other final 19%  18%
Petroleum
Natural
Domestic^^^^^V /  9ss
27%  Transport
34%
Figure 8. UK final energy consumption in 2005 by sector and fuel type (DTI, 2006).
Focusing now on renewable electricity, generation technologies such as hydro and 
wind are relatively well established in the UK and make some contribution towards 
renewable electricity generation (cf. Figure 5). Amongst the EfW technologies, only 
incineration generates a comparable amount of renewable electricity (DTI, 2006). 
Moreover, incineration is the only EfW technology that can be considered 
commercially proven in the UK. Nonetheless, new EfW plants of all technology types 
are being proposed as a result of two changes that have improved the economic 
aspects of EfW technologies making them more competitive than the traditional 
landfill alternative; firstly, the additional incentives established by the recent banding 
of the Renewable Obligation (UK Parliament, 2009) to support less established 
renewable electricity generation technologies such as gasification, pyrolysis and AD; 
secondly, the increase in tax on landfill by £ 8  per tonne per annum until 2013 (HM  
Treasury, 2009).
Regarding heat, 49%  of the energy used in the UK is for heating purposes 
representing 47%  of the COg emissions. Only 0 .6%  of the heat demand is supplied 
from renewable sources, according to the Department for Business Innovation and 
Skills, previously known as Department for Business, Enterprise & Regulatory Reform 
(BERR, 2008).
Conveniently, EfW technologies in CHP mode can generate large amounts of 
renewable heat to displace natural gas of fossil origin. Unfortunately, only three, a tiny 
minority, of the current EfW plants in the UK (cf. Table 9) provide heat as well as 
electricity and just one, in the Shetlands, produces only heat. This heat needs to be 
distributed to residential, commercial or industrial users through expensive district 
heating (DH) schemes (FontEnergy, 2007; AEA Technology, 2008) that can be 
integrated with all EfW technologies from AD (de Jong, 2008) to incineration (AEA 
Technology, 2005). However, only 4%  of the total UK building floor area is served by 
DH schemes (BERR, 2008) and very few of them are linked to an EfW plant (Veolia, 
2008). The reason is that EfW plants in the UK are designed to maximise electricity 
generation (of. section 15.3.4). This is in clear contradiction to other countries such as 
Denmark whose energy policy drivers match those listed in section 1.1, but who 
started to act far earlier in the 70s and 80s (IMechE, 2008). In the case of Denmark, 
DH schemes supply heat to 60%  of the population and 25%  of the heat distributed 
comes from wastes because their EfW plants generate much more heat than 
electricity (Danish Energy Agency, 2009).
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Nonetheless, some existing, e.g. SELCHP (2006), and new EfW plants being built, e.g. 
the Belvedere plant (Cory Environmental, 2009) incorporate the possibility of exporting 
heat in their designs. Unfortunately, despite being technically feasible, these plants do 
not export heat because there is not enough demand to justify the required 
distribution infrastructure.
In summary, EfW has immense potential to generate large amounts of renewable heat 
and electricity, achieving environmental benefits by displacing fossil energy, and this 
should act as a powerful driver for its implementation. However, it is also clear that 
economic incentives are necessary to support both electricity and particularly heat 
generation.
1.2.2 Waste
An enormous amount of waste is generated yearly in the UK and it has to be soundly 
managed. Figure 9 shows the estimated UK waste arisings by sector in 2004.
Estimated total waste arisings by sector (2004)
Total 3 3 5  million tonnes *  Agriculture
^^0/^  ■  Mining and Quarrying
S e w a g e  sludge
3 2 %
□  D redged m aterials
□  Household  
■  C o m m e rc ia l
13%  m Industrial
12%  □  C onstruction and
demolition
Figure 9. Estimated total UK annual waste arisings by sector (DEFRA, 2006).
However, some types of wastes are not suitable for EfW and hence not relevant for 
this research, mainly for two general reasons:
•  It has insufficient calorific value (CV) to provide an energy source if it is going 
to be treated in a thermal EfW plant, e.g. inert wastes from mining and 
quarrying; or it does not have enough readily biodegradable content to be 
treated in an AD plant, e.g. materials with very high lignin content.
•  The quantities generated are minimal, intermittent or the locations where the 
waste is generated are too dispersed, e.g. some construction waste streams 
such as wood.
Therefore, this research focuses on the constant operational waste arisings that will be 
generated by residents, commercial and industrial uses in building developments and 
that represent more than a third of the total waste generation in the UK (DEFRA, 
2006).
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Figure 10. Waste management options in the UK for C&l and MSW (DEFRA, 2006).
Until recently, as shown in Figure 10, landfill was the predominant waste management 
method for municipal solid waste (MSW) and commercial and industrial (C&l) wastes. 
However, MSW  recycling in England is progressively increasing from this low level, as 
Figure 11 shows. The same can be expected for C&l waste, although data are not so 
robust as for MSW . DEFRA (2007) has recognised that EfW could play an important 
role in the future of UK waste management. Moreover, the impressive levels of 
recycling and energy recovery achieved by other European countries, such as 
Denmark or The Netherlands (Eurostat, 2008), should encourage the UK to improve its 
waste management systems by reducing its amount of waste, as well as increasing 
recycling and energy recovery.
Management of MSW in England
Year
Landfill □  Incineration with EfW ■  Recycled/com posted ■  other
Figure 11. Evolution of MSW management in England (DEFRA, 2007).
There are no global figures for the total amount of waste treated by EfW. However, 
Simmons et al. (2006) quote that worldwide in 2005, incineration was used to treat 
approximately 143 million tonnes of MSW . In the EU, incineration is widely used 
(Porteous, 2005) and the approximately 400 incineration plants treat almost 50 million 
tonnes of waste yearly, ahead of the 40 million tonnes of Japan or the 26 of the USA 
(Simmons, Goldstein et al., 2006). Those 50 million tonnes of waste represent 20%  of 
the total MSW  generation in the EU and produce 27 TWh of electricity and 63 TWh of 
heat (AIibardi and Cossu, 2006).
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In the UK, 24 EfW plants were in operation in 2005 (DTI, 2006); Figure 12 shows their 
energy output and the installed capacity.
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Figure 12. EfW capacity and energy output (DTI, 2006, Table 7.7)
In summary, there is a need and a possibility of increasing UK’s EfW capacity with the 
drivers being twofold. Firstly, energy (DTI, 2003) and waste strategies (DEFRA, 2007) 
have backed up this increase of capacity given the potential EfW contribution to 
renewable energy generation targets. Secondly, the Audit Commission (2008) has also 
called for extra waste treatment capacity to achieve sufficient diversion from landfill as 
shown in Figure 13.
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Figure 13. Estimated additional recycling and treatment capacity to the already existing in the UK
required to achieve the Landfill Directive targets according to the Audit Commission (2008)
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To conclude this section, the recently published renewable energy strategy for the UK 
(DECC, 2009) shows how actual measures are being implemented to encourage the 
development of renewable energy technologies, including EfW, to achieve the national 
and international targets of greenhouse gas reduction. These measures include a 
grant scheme to encourage the use of solid recovered fuel and a potential landfill ban 
for biomass waste as well as measures to promote the combustion of wood waste 
and the treatment of food waste in anaerobic digestion plants.
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2 Methodology
This section presents the methodology that has been followed to answer the first 
research question (cf. section 1) on how to select the most appropriate generic EfW  
technology for a building development considering the technological limitations as 
well as the economic and environmental aspects of EfW.
In order to enable a systematic selection process between the generic EfW  
technologies considered, namely, anaerobic digestion, incineration, gasification and 
pyrolysis, this research has developed a Decision Support Tool (DST). The DST has 
two phases: an initial screening technical phase and a second phase that incorporates 
the economic and environmental analyses. The outcomes of this research are 
intended to be used at the very early stages of a building development project when 
strategic decisions need to be made but there is still a lot of uncertainty and no 
detailed information. The DST is intended to enable selecting of the most appropriate 
generic EfW technology for a building development and to help discarding 
inappropriate technologies whilst enabling a focused and detailed analysis of the 
remaining options during subsequent phases of the building development.
Section 2.1 begins with the description of the complexity of the problem and the need 
to treat it under the “post-normal science” paradigm. Section 2.2 follows with the 
description of the available tools to deal with these problems and the reasons for 
selecting multi criteria decision analysis (MCDA) to deal with “post-normal science” 
problems. Following published methodology for MCDA (DTLR, 2000), the rest of this 
section describes the different elements required to implement the DST using the 
MCDA approach. It begins by identifying the stakeholders involved in section 2.3 and 
the options considered in section 2.4, followed by an introduction to the criteria that 
will be evaluated in section 2.5 and how they will be scored and weighted to obtain a 
ranking of the most suitable EfW technologies in section 2.6. Finally, a description of 
how a sensitivity analysis will be carried out on the results to identify the most 
influential inputs in the outputs is described in section 2.7.
In summary, the DST is the proposed answer by this research to the first research 
question (cf. section 1) because it integrates MCDA as a suitable tool to deal with the 
“post-normal science” problem and it generates a ranking of the most appropriate 
EfW technologies for a building development considering their technological 
limitations as well as their economic and environmental aspects. Therefore, the DST is 
the most important contribution to knowledge of this research and as such has been 
published in a peer-reviewed conference paper titled “A decision support tool for the 
integration of energy from waste technologies within the built environment” presented 
in the Second International Symposium on Energy from Biomass and Waste in Venice 
2008 (cf. Appendix I).
The integration of EfW technologies within a building development should be 
considered during the early stages of the project. However, planning of waste 
infrastructures requires information on waste quantities, including weights and 
compositions, but these necessary estimates are difficult to generate because of the 
limited information available during the early stages of any project. Conveniently, an 
approximate estimate of waste generation and composition can be made using 
previously published waste benchmarks or with information from waste audits.
To produce these estimations, this research has produced a second contribution to 
knowledge: a Waste Estimation Tool (WET) that can estimate the quantity and the 
composition of the operational waste that will be produced in a building development
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(cf. section 3). As the second contribution to knowledge of this research, a journal 
paper on the WET titled “The use of operational waste benchmarks to estimate waste 
quantities and composition for waste strategies and to assess environmental 
performance of building developments within cities” which has been accepted for 
publication in the Communications in Waste and Resource Management journal 
edited by the Chartered Institution of Wastes Management (cf. appendix II). The paper 
includes a description of the methodology, some of the waste information sources 
incorporated in the W ET database and the comparison between data from an office 
building waste audit and already published office waste data
The W ET and the DST are two independent tools, but Figure 1 that presents the 
structure of this research, shows how they can be integrated to transform a limited set 
of quantitative and qualitative inputs into a set of useful outputs. This is possible as a 
result of the detailed knowledge gained on the technical, economic and environmental 
aspects of EfW technologies which has been summarised in the following sections of 
this dissertation. Moreover, Figure 1 shows how the W ET and the DST sit within 
evolving frameworks, e.g. legislative, economic, etc. and how the uncertainty and 
evolution of drivers, barriers and other parameters that can influence them, e.g. data 
availability, require the need of sensitivity analyses to assess the robustness of their 
outputs. The results of the sensitivity analyses carried out are presented in section 13.
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Figure 14. Structure of research
2. */ “Post-normal science” paradigm
As mentioned in the section 1.1, increasing sustainability awareness, energy demand 
and waste generation open new opportunities for EfW and suggest the research 
questions mentioned in section 1. However, these questions are not easy to answer 
satisfactorily due to the large number of disciplines involved, the complexity of the 
issues treated, the large uncertainty and the high decision stakes. This means that the 
answers should be sought following the “post-normal science” paradigm that was 
originally articulated by Ravetz and Funtowicz (1992; 1993). This paradigm describes 
problems that are beyond applied science and professional consultancy (Ravetz and 
Funtowicz, 1993). In fact, this paradigm is useful to describe sustainability problems 
that need to be addressed through an integrated approach (Giampietro, Mayumi et al.,
2006) covering the interlinked techno-economic, environmental and social aspects 
(Rosenhead and Mingers, 2001; Clift, 2006; Elghali, Clift et al., 2007).
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In particular In this work, the answer to the first research question implies a selection 
between different technologies under the “post-normal science” paradigm which is 
considered a strategic decision (UNEP, 1999; Mitchell, Carew et al., 2004). 
Furthermore, when making these strategic decisions “it is usually considered 
preferable not to aggregate the objectives into a single metric because this conceals 
information and can lead to sub-optimal decisions” (Mitchell, Carew et al., 2004).
The disaggregated approach suggested by Mitchell et al. differs from other 
methodologies that try to use a single analysis tool to condense the problem into a 
single variable, e.g. monetization of non-economic variables to integrate them into a 
pure economic cost benefit analysis. However, these methodologies are still highly 
controversial and there is no agreement on the pricing mechanisms of environmental 
assets (Driesen, 2006). Other alternatives have also been proposed to integrate 
economic and social aspects under an environmental analysis tool, in this case life 
cycle assessment (Weidema, 2006). However, the result of any of these 
methodologies is a simple ranking that does not clearly disaggregate the individual 
results and weights of the different elements considered in the analyses.
Therefore, in this research, it has not been considered appropriate to analyse the 
whole problem under a single perspective, i.e. to use a single tool to analyse all its 
aspects. Rather, a multi-disciplinary approach has been preferred. In particular, 
selecting the most appropriate EfW technology has been represented as a multi­
dimensional Pareto analysis considering the technical, economic and environmental 
aspects. As an example. Figure 15 shows a simplified bi-dimensional example with 
the environment and economic axes only.
COSI
TECHNOLOGY
TECHNOLOGY
TECHNOLOGY
TECHNOLOGYDECISION FRONTIER
ENVIRONMENTAL
IMPACT
Figure 15. Dual Pareto diagram for process selection from Clift (2006).
In a Pareto analysis, the best possible technologies to solve a given problem lie along 
the decision frontier but each of them has trade-offs, e.g. less environmental impacts 
but higher costs; therefore, how can the most appropriate solution for each case be 
chosen? If EfW technologies and landfill are used to illustrate the process of 
answering this question, it can be expected that EfW technologies, e.g. technologies 1 
to 3 in Figure 15, would lie along the optimum decision frontier based on their 
advantages over landfill as outlined in section 1.1. On the other hand, traditional 
landfill, e.g. technology 4, will not be on the decision frontier. Therefore, landfill is 
easily discarded, but a tool to help selecting the most appropriate EfW technology for
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each case is required and that is the origin of the Decision Support Tool proposed in 
this research.
Furthermore, Funtowicz (1999) originally and later Clift (2006) and Giampietro (2006) 
recognise that the solutions to “post-normal science” problems need to be considered 
by an “extended peer community”, i.e. stakeholders, that have to provide input, i.e. 
weighting, so that the results reflect their preferences. Nonetheless, certain sources 
(DTLR, 2000) acknowledge that the final decision taken by the stakeholders may not 
match that produced by a purely techno-economic analysis. In any case, these 
stakeholders need to be identified and considered in the decision-making process and 
in this research this is done in section 2.3.
In conclusion, the answer to the first research question in this work is a methodology 
to help making a strategic decision that needs to be considered under the “post­
normal science” paradigm. In the literature, there are a few methodologies that could 
deal with “post-normal science” problems, but a methodology that does not 
aggregate the final result into a single metric has been preferred. Accordingly, the 
problem is expressed as a multi-dimensional Pareto analysis and the most appropriate 
technology for each case will be selected aided by a Decision Support Tool in which 
an extender peer community will have input to reflect their preferences.
2.2 MCDA and the DST
Several authors (Janssen, 1994; Rosenhead and Mingers, 2001; Elghali, 2002; 
Wrisberg and Udo de Flaes, 2002) have outlined the requirements for tools to deal 
with strategic decisions and “post-normal science” problems. Such tools must be able 
to:
•  Address complex multi-disciplinary problems;
•  Treat many relevant variables and constraints whilst seeking alternative 
solutions acceptable on separate dimensions without trade-offs;
•  Integrate various specialised sources of information, quantitative data, 
qualitative opinions and weighting in a transparent manner;
•  Cope with a relative lack of information and uncertainty;
•  Present a ranking of options; and
•  Allow their results to undergo sensitivity analysis.
MCDA fulfils all these requirements as described below and has already been used in 
many complex problems involving technical, economic and environmental aspects 
(Wrisberg and Udo de Haes, 2002; Shmelev and Powell, 2006). Moreover, a literature 
review has identified some examples of MCDA applied to problems similar to those 
investigated in this research. For example, Longden et al. (2007) have published an 
example of MCDA used for EfW at municipal level in the UK and Murphy et al. (2004) 
have carried out a similar analysis to that proposed in this research but for Ireland and 
at larger spatial scales.
One of the recognised limitations of MCDA is that “the best option can be inconsistent 
with improving welfare” as welfare may just be one, amongst many, of the criteria 
considered (DTLR, 2000). Another limitation is that if MCDA is to be used for some 
form of decision conferencing, i.e. use of MCDA by stakeholders aided by external 
facilitators to encourage the creation of a model during the discussion (Elghali, Clift et 
al., 2008), it may be difficult to achieve consensus in the process, although this may 
not prevent stakeholders from reaching conclusions. This issue is likely to be less 
problematic when used with managers as clients (Jackson, 2 0 0 0 ) as intended in this
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research. Notwithstanding, MCDA is considered the most suitable tool available to 
analyse the “post-normal science” problem of this research.
MCDA appeared in the seventies after the work of Keeney and Raiffa (1976) and 
became progressively more complex. The former UK Department for Transport, Local 
Government and the Regions (DTLR) published a manual on “how to undertake and 
make the best use of multi-criteria analysis for the appraisal of options for policy and 
other decisions, including but not limited to those having implications for the 
environment” (DTLR, 2000, chapter 1). According to it, seven phases need to be 
followed when using MCDA:
1. Problem definition;
2. Identification of the most appropriate methodology and tool to solve it;
3. Identification of options to be appraised;
4. Identification of the objectives and criteria for the appraisal;
5. Definition of the scoring options;
6 . Weighting of individual aspects; and
7. Validation and sensitivity analysis.
The DTLR’s manual also states that establishing the decision context is the first step 
of a MCDA and as this is the tool selected to analyse a “post-normal science” 
problem in this research, this has been done in section 1. In particular, it needs to be 
highlighted again that the problem considered in this research is the selection of the 
most adequate EfW technology for a building development, but it is acknowledged 
that this is a secondary and less fundamental question to those mentioned in section
1. Moreover, the decision of investing in one or another EfW technology is a strategic 
level decision (UNEP, 1999; Mitchell, Carew et al., 2004) and this establishes the 
problem scale that is another of the requisites listed by the DTLR.
The second step of DTLR’s manual requires identifying appropriate tools to solve the 
problem whilst providing solutions adequate to the problem scale. In this research, the 
problem is selecting the most appropriate EfW technology, if any, for a given building 
development; however, different stakeholders may see this strategic decision process 
differently. According to the taxonomy of decisions by Clift (2006), a building 
developer may see the process as a “decision with agreed criteria” and, because the 
decision involves many interlinked aspects without previously agreed relative 
relevance, it will be in the category “without prior articulation of preferences”. 
However, for society in general the decision might not have any agreed criteria. In 
both cases, there will be “missing information and uncertainty” (Clift, 2006) and a tool 
will be necessary to inform the strategic decision making process. In summary, 
different stakeholders may have different views and articulation of preferences, but the 
decision will be strategic for all of them. Any suitable tool to help with the strategic 
decision should not aggregate information because information will be obscure and 
that might lead to sub-optimal conclusions (Mitchell, Carew et al., 2004). As MCDA  
has all these characteristics, it is considered the appropriate tool to deal with the 
problem as required by the methodology.
The remaining steps listed by the DTLR are briefly described in sections 2.4  to 2.7  
whilst the rest of this section describes how MCDA is customised in this research with 
specific economic and environmental analysis tools and integrated into the DST. Most 
of the content of these sections has been used in the journal paper presented at the 
Venice 2008 Symposium (cf. appendix I).
As the structure of the research presented in Figure 14 shows, the DST consists of 
two phases. The first acts as a screening phase for the different EfW technologies. 
During the technical review (cf. sections 4 to 9), it was found that there were some
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minimum values for a plant’s waste processing capacity and land availability which 
could act as thresholds for discarding some technologies before progressing them to 
the second phase of the tool. For example, if the estimated quantities of suitable 
waste/feedstock to be treated by an EfW technology are not above the identified 
minimum plant design capacity threshold, the technology will not be considered in the 
second phase technology review. The second phase of the DST is a full MCDA tool 
that encompasses the economic and environmental analyses and the tools to carry 
out these analyses need to be selected.
Firstly, the general properties of the tools that are to be integrated in the MCDA need 
to be identified. As the DST is intended to enable a systematic approach to selecting 
the most appropriate generic EfW technology for a building development, analytical 
tools that “model the system in a quantitative or qualitative way aiming at providing 
technical information for a better decision” (Wrisberg and Udo de Flaes, 2002, p. 38) 
are preferred over procedural tools that guide the decision process. Moreover, 
according to the EU Thematic Strategy on the prevention and recycling of waste in its 
communicate COM 2005/666 (European Parliament, 2005), a life-cycle approach is 
required when addressing waste recycling and prevention topics. Therefore, suitable 
tools for this research ought to incorporate life cycle thinking (McDougall, 2001) and 
provide analytical results that can be scored for the selected criteria.
Secondly, one of the following alternatives needs to be chosen: a tool to analyse 
simultaneously the economic and environmental aspects of EfW or a combination of 
two specialised tools to analyse these aspects independently. The first option is 
represented by integrating the economic aspects within an environmental analysis tool 
(Weidema, 2006) or, alternatively, by integrating the environmental aspects with the 
economic analysis by monetizing the environmental assets (Driesen, 2006). Flowever, 
as mentioned above, maintaining both analyses separated will avoid reaching sub- 
optimal decisions. Consequently, the environmental and economic aspects will be 
appraised with separated specialised tools and their results integrated using the 
MCDA properties (Wrisberg and Udo de Flaes, 2002).
2.2.1 Economic analysis tools
Traditionally, policy decisions involving the environment have used cost benefit 
analysis (CBA) in regulatory impact assessments (DTLR, 2000). Flowever, CBA has 
some problems, e.g. does not consider the whole life cycle of a project (Giampietro, 
Mayumi et al., 2006), and it is “problematic when applied to strategic decisions” 
(Elghali, Clift et al., 2008). Additionally, the need to put monetary values on 
environmental assets, i.e. monetization, creates problems due to its simplistic 
utilitarian approach on the interpretation of value (Elghali, Clift et al., 2008) and the 
lack of agreement on their pricing (Driesen, 2006) meant CBA is not further 
considered.
Life cycle costing (LCC) is a potential tool to carry out the economic part of the 
analysis (Finnveden, Bjorklund et al., 2007) because it “looks at the complete life-span 
of a product to calculate whole life costs” (Wrisberg and Udo de Haes, 2002,p. 54). 
LCC is an analytical tool that incorporates life cycle thinking and can contemplate 
current and future capital and operating costs as well as revenues. Moreover, it can 
generate traditional economic indicators such as net present value (NPV), payback 
and internal rate of return (IRR). Finally, Finnveden et al. (2007) suggest that it can be 
applied to economic analysis of EfW and landfill projects and this was demonstrated 
by Reich (2005).
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Nonetheless, some researchers (Gluch and Baumann, 2004) mention that LCC has 
some limitations because it cannot integrate the environmental aspects of the 
analysis. However, these limitations do not apply to this research because a 
specialised tool, will be used to carry out the environmental analysis (cf. section 2 .2 .1 ) 
and LOG will be used purely for the financial analysis as defined by Reich (2005).
In conclusion, LCC is the tool chosen in this research for the economic analysis. No 
software package is known to be specialised in LCC for waste management; hence, a 
bespoke model built on a spreadsheet will be used as described in section 1 0 .
2.2.2 Environmental analysis tools
Three potential tools were considered to carry out the environmental analysis in this 
research: life cycle assessment (LCA), environmental impact assessment (ElA) and 
strategic impact assessments (SIA) (Finnveden, Bjorklund et al., 2007).
LCA is a widely accepted analytical tool for environmental analysis and it is defined in 
the ISO 14040 family as the “compilation and evaluation of the inputs, outputs and the 
potential environmental impacts of a product system throughout its life cycle” (ISO,
2006). LCA can be used to inform waste management process selection and design 
as described by Clift et al. (2000) and implemented by several others (Ekvall and 
Finnveden, 2000; Murphy and McKeogh, 2004; Longden, Brammer et al., 2007). 
Furthermore, Reich (2005) has used it in combination with LCC for waste 
management.
EIA and SIA could also have been used to evaluate the environmental aspects of this 
research (Finnveden, Bjorklund et al., 2007). EIA is a legal requirement for certain 
projects in the UK (UK Parliament, 2008). However, it is intended to assess the 
environmental impacts of a process, e.g. an EfW plant, once a site has been identified 
or to compare the environmental impacts that the process would have in different 
sites. SIA is more recent and its use is more limited than EIA. Nonetheless, SIA is 
intended to be used at earlier stages than an EIA and it is better suited to inform more 
strategic decisions, e.g. policies, plans and programmes (Finnveden, Bjorklund et al.,
2007). Since both are procedural rather than analytical methods, they do not tend to 
consider technical details (Wrisberg and Udo de Haes, 2002) although they may 
integrate analytical methods such as LCA (Finnveden, Bjorklund et al., 2007).
Another difference between LCA and EIA is that the former is process-specific 
whereas the latter is site-specific (Clift, Doig et al., 2000). LCA is intended to assess 
the environmental impacts of one or various process from cradle to grave, e.g. the 
environmental impacts of different EfW treatments and associated waste management 
process from the point when waste becomes so until it is finally disposed or recycled 
(cf. section 11), but without considering a specific location. This means that LCA does 
not assess the impacts of a process on a specific site but on the environment as a 
whole. Conversely, EIA is intended to compare the impacts of one single process 
across a range of locations. Therefore, LCA is better suited for strategic decisions 
whereas EIA is preferred for detailed technical and siting decisions.
Having regarded the characteristics of LCA, EIA and SIA, the method suggested by 
Finnveden et al. (2007) to choose an environmental analysis tool was followed. The 
DST was has been considered to be represented by a product or service in 
Finnveden’s classification, according to which LCA would be the most appropriate 
tool to carry out the environmental analysis in this research. Furthermore, Finnveden 
et al. suggest complementing LCA with LCC for the economic analysis (cf. section 
2 .2 .1).
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According to Clift et al. (2000), the intended use of this research at the early stages of 
a building development project where the plant location may be still uncertain but 
when strategic decisions need to be made, means that LCA is more applicable than 
EIA. Nonetheless, it is a legal requirement to carry out an EIA for waste facilities (UK 
Parliament, 2008) and therefore it is likely that the overall project would require a 
combination of LCA with EIA at later stage, as suggested by Clift et al. (2000).
Not all environmental impacts suggested by Finnveden et al. (1995) are covered in the 
LCA carried out in this research (cf. section 11). For example, EIA and SIA cover other 
topics such as the use of natural resources and socially constructed impacts such as 
noise, odour and visual intrusion (Burningham, 1998). Despite these not being 
considered originally in this research, the feedback from the case study (cf. section 14) 
highlighted that socially constructed impacts were highly relevant for the stakeholders. 
Consequently, these impacts have been incorporated into the DST, although not as 
environmental but as technical criteria (cf. Table 1). Information on these is discussed 
in the technical review of each technology (cf. sections 5.9, 6.9, 7.9 and 8.9).
In conclusion, LCA is the selected environmental analysis tool and section 11 
describes in detail the environmental models and analyses carried out in this research 
as part of the MCDA.
2.3 Stakeholders
As mentioned in the literature (Funtowicz, Martinez-Alier et al., 1999; DTLR, 2000; Clift, 
2006; Giampietro, Mayumi et al., 2006), “post-normal science” problems need the 
input of an extended peer community of stakeholders. This community consists not 
only of persons with some degree of technical knowledge, but of all of those that wish 
to express their preferences on the issue. Moreover, stakeholders should also be 
involved in defining the criteria for assessment rather than accepting a pre-established 
set of criteria (Elghali, Clift et al., 2007). This was implemented in this research as a 
result of the feedback from the case study (cf. section 14) where it was suggested to 
add criteria related to noise, odour and visual intrusion of the EfW facilities to those 
considered initially.
In this research, two types of stakeholders are differentiated depending on their 
relation with the DST. Firstly, there are the internal stakeholders who are envisaged to 
be the DST users and will be mainly building developers, planners and consultants. 
These groups of users are the internal stakeholders because their preferences and 
opinions will be incorporated into the DST to create a ranking of EfW technologies for 
a given building development whilst it is still at its very early, e.g. concept design, 
stages. The intended users together with the technical, economic and environmental 
criteria are the “research domain of application” as represented in Figure 16.
It can be envisaged that in future stages, when the project progresses forward, the 
decisions taken by the internal stakeholders may start to have an impact on 
stakeholders in other groups, i.e. the external stakeholders. These may include a wider 
representation of the community and the general public who may be influenced by 
factors different from those of primary concern to the internal stakeholders. These 
external stakeholders and criteria are part of the “research domain of influence”, also 
shown in Figure 16.
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Figure 16. DST application and influence domain
This division into internal and external stakeholders and domain of application and 
influence allows customising the research for the potential users without losing the 
external stakeholders focus. This is achieved by tailoring key aspects to the problem. 
Firstly, only a reduced group of criteria and potential solutions are offered for 
consideration to the internal stakeholders. Secondly, the results of the DST in its 
domain of application with all the technical, economic and environmental data as well 
as the qualitative internal stakeholders’ opinions can be made available to the domain 
of influence to enable an informed discussion during the consultations with external 
stakeholders when they may also incorporate their views. This approach follows the 
suggestion by Elghali et al. (2008) when analysing the case study of Gamboa and 
Munda (2007), that the objective is “not to arrive at an optimum solution, nor to 
prescribe the outcome of the planning decision, but rather to provide robust 
information for decision makers on the desirability of options”.
Finally, the influence of evolving external factors, e.g. recycling trends and legislation, 
is considered a change in the framework and not a change in the core of possible 
solutions and its influence will be assessed with sensitivity analysis rather than by 
adding criteria or possible solutions.
2.4 Options appraisal
Following the comprehensive reviews of the status of EfW technologies, mainly in the 
UK but with references to Europe and the rest of the world, published by Dr. Stuart 
McLanaghan (2002), Fichtner Consulting Engineers Ltd. (2004) and Juniper (2000; 
2005; 2007), four EfW technologies have been considered in this research. They are: 
anaerobic digestion, incineration, gasification and pyrolysis.
These reviews suffered one of the typical problems faced by researchers of these 
technologies, i.e. the lack of contrasted information and reference plants that can
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support statements by commercial companies seeking to sell their plants. The only 
exception to this is incineration that is the only long-established EfW technology in the 
UK (cf. section 6 ). Therefore, there is much more information available on incineration 
than on AD, gasification or pyrolysis. Consequently, in some sections of this research, 
e.g. the economic model, the information on gasification and pyrolysis has been 
grouped. Furthermore, information on the more established technologies is likely to be 
more reliable than on the less established. The reason is that emissions and 
performance data are usually obtained from pilot plants during short runs and with a 
certain feedstock that may not be representative of their performance when scaled up 
or used with variable feedstock (CIWM, 2003).
Sections 5 to 8  contain the description of the above-mentioned technologies together 
with their working principles, operating parameters and main configurations. Adequate 
feedstocks, i.e. waste type and properties, and electricity generation benchmarks are 
given too. Physical sizes, minimum and maximum plant capacities and footprints are 
also provided.
Section 9 includes similar information for plasma technology and for Mechanical 
Biological Treatment (MBT). The former is still far away from being commercially 
proven but new plants (URS, 2005; Bryden, 2007; Tetronics, 2007) will progressively 
make it mainstream so it is mentioned for completeness. The latter is included 
because it could incorporate AD as part of its treatments and can produce Refuse 
Derived Fuel (RDF) as feedstock for gasification and pyrolysis plants.
2.5 Criteria
This section presents the criteria that are used in the different phases of the DST 
shown in Figure 14.
Some of the criteria used in this research have been selected because they were 
considered important by the design teams in the projects undertaken by Buro 
Flappold; for example the availability of waste and land for the EfW plant. Others, like 
the economic criteria, were selected because they are commonly used in financial 
project assessments. Some others were added because of their relevance for 
planning, e.g. the feasibility of securing additional waste in the long-term, or because 
they may be relevant for the internal stakeholders, such as the proven status of the 
technology, (cf. section 14).
Regarding environmental criteria, the selection of a LCA methodology that follows ISO 
guidelines (2006) and WRATE as the software to carry out the analysis (cf. section
11.3) fixed the criteria selection to six environmental impact categories (cf. section
11.5). Flowever, environmental criteria had to be expressed in less scientific terms 
because it was found during the case study that they were difficult to understand even 
by internal stakeholders (cf. section 14). In similar situations (Elghali, Cowell et al., 
2006; Sinclair, Cowell et al., 2007), researchers suggested to use the “problem  
oriented approach” defined by Guinée et al.(2002). This approach balances the 
uncertainty of the model and the general relevance of the information provided and 
conveys more easily the environmental impact results to stakeholders who have no 
prior exposure to LCA (Elghali, Cowell et al., 2006). Additionally, the impact categories 
were represented with simpler names (cf. Table 1).
Following the case study (cf. section 14), additional criteria had to be incorporated to 
the original set proposed in this research in a similar case as that described by Elghali 
et al. (2007). The added criteria were mentioned by the internal stakeholders as highly
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relevant and consisted of socially constructed impacts (Burningham, 1998) such as 
noise, odour and visual intrusion.
Table 1 lists the criteria that will be assessed in each of the DST phases to generate 
the final technology ranking as well as their type according to the following definitions:
•  Quantitative: the result of the analysis of a quantitative criterion will be a 
numerical value.
•  Quantitative limit: similarly to a quantitative criterion, the results of the analysis 
of a quantitative limiting factor will be a numerical value but this time it will 
need to be larger than a threshold.
•  Qualitative: this type of criteria represents subjective and personal opinions 
that cannot be expressed in numerical form. They may be in the form of 
“high/low”, "yes/no" or “A is better than B”.
Screening phase. Technical assessment Criteria type
Odour Qualitative
Noise Qualitative
Visual intrusion Qualitative
Waste availability Quantitative limiting
Land availability Quantitative limiting
Is it technically proven in the UK? Qualitative
MCDA phase. Environmental assessment
Material use Abiotic Resource Depletion Quantitative
Climate change Global Warming Quantitative
Pollution
Human Toxicity Quantitative
Fresh W ater Aquatic Ecotoxicity Quantitative
Acidification Quantitative
Eutrophication Quantitative
MCDA phase. Economic assessment
Initial capital cost Quantitative
Simple payback period /  Internal rate of return Quantitative
Net present value Quantitative
Feasibility of securing feedstock in the long-term Qualitative
Table 1. DST criteria
2.6 Scoring and weighting
A detailed description of the scoring and weighting mechanisms is provided in section 
12. They are an integral part of the MCDA process to normalise the criteria results for 
each of the different technologies considered into a unitless value and to incorporate 
the stakeholders’ opinions into the final results.
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In this research, a double weighting system is used. This feature allows the 
consistency of the stakeholders’ opinions to be checked during the weighting 
exercise, highlighting possible inconsistencies in the process. Further details are 
provided in section 1 2 .2 .
The sum of the double weighted scores for all criteria yields the final results for each 
scenario whilst the final ranking of all technologies is created by putting together the 
final results for all scenarios. Figure 17 shows the final ranking of the options 
considered in the case study and that are discussed in section 14.6.
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Figure 17. Relative criteria group weights and contribution of scored weights
2.7 Sensitivity analysis
The last step in the implementation of MCDA according to the DTLR’s manual (2000) 
is to validate the analysis results by carrying out a sensitivity analysis on them. This 
sensitivity analysis explores how the uncertainty in the model outputs can be 
apportioned to the model inputs’ uncertainty (Saltelli, Tarantola et al., 2004) and it is 
useful also to test the robustness of the results.
In this research, different approaches, depending on the complexity of the model and 
data availability, have been used to carry out sensitivity analyses on the DST 
components. Furthermore, specific techniques had to be used to deal with different 
sources of data values and variability, e.g. stakeholder’s opinions, parameters with 
continuous or distributions and exclusive alternatives. Further details on these are 
provided in section 13.
For example, for the Waste Estimation Tool no specific sensitivity analysis was carried 
out because of the patchy data available (cf. section 3); instead, the quantity and 
composition estimates are given as a range, if enough data are available, with the 
most likely taken as the data average.
Alternatively, Monte Carlo analysis can be used to quantify how sensitive are the 
economic model’s outputs to the variations in the inputs. This analysis is possible due 
to the use of a bespoke economic model and better economic data availability than 
for waste quantities and composition. Monte Carlo analysis is a statistical simulation 
process used to assess the possible outcomes of a problem used in complex 
problems for which the definition of specific equations is not possible or impractical.
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Moreover, not only a direct sensitivity analysis was carried out, but also a reverse 
analysis, i.e. estimating how much an input would need to change for an output to 
reach a required level. Specific details about this technique are presented in section 
13.1.
In the case of the environmental analysis, WRATE, the commercial software used, 
does not incorporate sensitivity analysis within itself; hence, simulations were carried 
out for a series of alternative scenarios and the output changes were analysed 
accordingly.
Finally, sensitivity analysis can also be used to assess the variability of the results 
caused by changes of qualitative, and not only quantitative, data. The qualitative 
opinions of stakeholders that are integrated through the MCDA weighting into the DST 
can also present variability. The “sensitivity-up” tool in HiView 3.2, the software used 
for decision modelling (of. section 12.3), is used to investigate the effect that changing 
quantitative opinions, i.e. weights, may have on the final technology ranking of the 
DST. Further details on quantitative opinion weighting can be found on section 13.3.
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3 Waste Estimation Tool____________________________
Once a building development is fully designed, complex modifications are difficult; 
therefore, if EfW technologies are to be integrated within it, they should be considered 
at the early stages of a building development. However, planning of waste 
infrastructures requires information on waste quantities as weights and compositions 
as percentages but these necessary estimates are difficult to generate, particularly at 
its early stages, when very little information on the project is available (Audit 
Commission, 2008; BeigI, Lebersorger et al., 2008). Nonetheless, they need to be 
carried out before and independently of the feasibility assessment. Conveniently, an 
approximate estimate of waste generation and composition can be made using 
previously compiled benchmarks. These can be created by carrying out waste audits 
on similar buildings and at similar locations to the ones that will form the building 
development under study. In this research, three of these waste audits were carried 
out (of. section 3.5).
In this research, this need has been addressed with a Waste Estimation Tool (WET) 
that can estimate the quantity and the composition of the waste that will be produced 
in a building development during its operation, i.e. excluding the construction and 
demolition phases, and as such is the second contribution to knowledge of this 
research. The WET uses data from existing reports and journal articles and has been 
completed with data from waste audits. As described in section 1.2.2, this research 
focuses on operational M SW  and C&l waste; hence, the information incorporated in 
the W ET and the estimates it can make relate only to these types of waste.
In this research, the W ET estimates will be used in each element of the DST although 
it can be used independently from the DST. Moreover, this capability of estimating the 
waste produced by a building development has added value to Buro Happold’s waste 
business services because it can be used to customize waste strategies to building 
developments. Therefore, since its creation, waste estimation is one of the standard 
services offered in the company’s portfolio.
Finally, many of the topics described in this section and the waste audits results for an 
office building have been compiled into a journal paper (of. appendix II) submitted to 
the Communications in Waste and Resource Management published by the Chartered 
Institution of Wastes Management in the UK.
3.1 Description
The W ET has been implemented as a software tool based on Microsoft Excel 2000. It 
has been designed with simplicity and scalability in mind so that the database can be 
updated by the user and the estimates are presented instantaneously. Moreover, it 
can be used to estimate waste from a single building or a group of buildings of 
different types in one given location due to the information it incorporates on M SW  as 
well as C&l waste generation.
The WET clearly presents, in numerical and graphical format, waste quantities and the 
percentage distribution of paper/cardboard, metal, glass, plastic, putrescible and 
other constituents. All categories are quite broad, i.e. the plastic category includes all 
types of plastic without distinction, and putrescible represents the organic waste, e.g. 
food waste. Notwithstanding the broad waste stream definitions, which are a 
simplification of the categories used in past waste strategies (DETR, 2000; Strategy 
Unit, 2002), knowing the available quantities of these materials is essential for the
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initial quantification of materials suitable for recycling, composting, energy recovery, 
special treatment or final disposal.
Simplicity and ease of use is reflected by the colour coding applied to cells:
•  Blue background means “Input cell”, i.e. where users should type in data;
•  Orange cells are “Calculated cells” whose values are calculated using other 
cells in the spreadsheet; and
•  Yellow background means “Output cell”, i.e. the WET presents output copied 
from another part of the spreadsheet.
3.2 Methodology
In order to estimate waste quantities and composition at the early stages of a project, 
a similar approach to that used in the building services and infrastructure industry to 
carry out early estimates of energy demands in buildings developments has been 
used. In these industries, the expected consumption is estimated using benchmarks. 
Energy benchmarks are usually expressed as kWh/mVyear of gas or electricity, 
whereas water benchmarks are presented as litres per person per day. Compilations 
of these benchmarks (BSRIA, 2003; CIBSE, 2004) are available for different building 
uses, e.g. hotel, offices, etc. These benchmarks are then multiplied by floor areas, 
usually the only information available at early development stages. A similar 
methodology, but applied for waste, has been suggested in published guidance 
(EnviroCentre, ICE et al., 2005) and has been implemented in this research as well as 
by other waste consultancies (SLR Consulting Ltd., 2006).
If a waste strategy is being developed for an existing building development, a baseline 
could be compiled with information gathered from waste audits, commercial invoices 
from waste companies or even local authority information, e.g. Wastedataflow  
(DEFRA, 2004). However, for developments not built yet, very little direct information is 
available and the waste has to be estimated using benchmarks. These relate the little 
information known about the new development with data on waste quantities and 
composition produced in a similar location by similar businesses or activities. Sources 
of these benchmarks are presented in section 3.3.
Customising the methodology outlined by the EnviroCentre (2005), the WET consists 
of a “front-end” and a “back-end” structure implemented as worksheets of a 
spreadsheet. The “front-end”, or user interface, is the “Input and Output” worksheet, 
where information from the development is introduced. The updatable database is the 
“back-end” and will be used less frequently by the user. This structure and a 
schematic of the methodology are shown in Figure 18.
The database itself is the “W Q&C” or “Waste quantity and composition” worksheet 
(shown schematically in Figure 18 and in detail in Figure 19). The complete database 
can be found in appendix V. From the database, relevant data are extracted and 
presented, in the “Input and Output” worksheet. Because of the internal working 
mechanism of the application, every time data is modified or added to the database, it 
needs to be resorted and refreshed. This is done by clicking in the “Sort and Refresh” 
button at the bottom of the worksheet (of. Figure 19).
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Input section In the “Input and 
Output” spreadsheet
Output section in the 
“Input and Output” 
spreadsheet
W aste  
quantity and 
composition 
(W Q & C )
“D atabase”
Pie chart in the  
“Input and 
O utput” 
spreadsheet
Figure 18. WET methodology schematic.
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Figure 19. Database worksheet screenshot.
The required WET inputs have to be introduced in the application’s “front-end” that is 
the “Input and Output” worksheet. These include the building type and its location as 
well as a figure related with the waste generation agent or an area, e.g. number of 
students, employees, hospital beds, m^, etc. The building type and location can only 
be chosen from existing data in the database and should new values for these fields 
be required, they must be introduced first into the database. Another two columns 
contain an optional conversion value, or proxy, and its units. These are necessary 
because sometimes benchmarks found in various sources are expressed in different 
units and proxies allow the WET to present the final estimation results in a unique unit.
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More information on proxies can be found in section 3.4. Finally, a spare column is 
available for comments.
The W ET’S outputs are presented in the “Input and Output” worksheet and consist of 
waste quantities per annum and percentages both in numerical (cf. Table 2) and in 
graphical (cf. Figure 20), i.e. a pie chart, format so that they can be easily integrated 
into reports and with the DST.
Paper/
cardboard Metal Glass Plastic Putrescible Other
Waste
arisings (tpa) 840 1 2 0 240 330 1 , 0 2 0 450
% of waste 28.0% 4.0% 8 .0 % 1 1 .0 % 34.0% 15.0%
Table 2. WET table results example
Waste composition in Confidential project 
3000 Tonnes per annum
450; 15%
840; 28%
1,020; 34%
120; 4%
240; 8 %
330; 11%
□  P aper/ 
cardboard
□  M etal
□  G lass
□  P lastic
■  P utrescib le
□  O ther
Figure 20. WET pie chart results example
The database or “back-end” is a simple list of registers that contain information under 
the following fields: “Building type”, “Location”, “Quantity” (of waste), “Unit”, “Type of 
waste”, “Paper/cardboard”, “Metal”, “Glass”, “Plastic”, “Putrescible”, “Other” and 
“Reference/comment”, most of them being self-explanatory. The “Unit” field contains 
the unit in which the waste benchmark was published originally but it can be 
transformed in the “result” section of the “Input and Output” worksheet using proxies. 
The type of waste can be either “generated” or “residual”; the latter is generated 
waste from which recyclable fractions have been partially or totally removed.
The methodology to generate the results does not involve complex calculations, only 
multiplications. Depending on the building type and location, data on waste 
generation and composition are extracted from the database and brought to the
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“Input and Output” worksheet. These data are multiplied by the waste generation 
agent or area value and, if necessary, by a proxy conversion factor to obtain the total 
waste composition and percentage of each waste stream. Waste from individual 
buildings is added to estimate the total for the development. Quantity and 
composition of the whole development waste is finally presented in numerical form (of. 
Table 2) and in a pie chart (cf. Figure 26). This process is presented schematically in 
Figure 21.
% Other
Building #1 W aste Proxy
Benchmark conversion
Type: Residential X X factor
Location: London 968N. households: 100 kg/househoid/yr. Not necessary
X
% Putres. 
% Plastic 
% Glass 
% Metal
% Paper/ 
Cardboard
Building #2 Waste
Benchmark
Proxy
conversion
Type: Office X X factor
Location London 170Area: 10,000 kg/empioyee/yr. 1 employee/IB
X
% Other 
% Putres. 
% Plastic 
%Glass
% M etal
% Paper/ 
Cardboard
Paper/Cardboard 40.0%
Metal 4.7%
Glass 6 . 1 %
Plastic 7.0%
Putrescible 26.7%
Other 15.5%
TOTAL AM OUNT:
191 tonnes of 
generated waste 
per annum
Figure 21. Example of estimating waste generation with benchmarks
3.3 Sources of information
Insufficient waste data has been highlighted as a problem in the UK for some time 
(Strategy Unit, 2002) although it is also common elsewhere, e.g. Ireland (Hogan, 
Cunningham et al., 2004). To address this lack of information, in the UK, a waste data 
strategy was created to fill the data gaps (DEFRA, 2006) and has recently been revised 
(AEA Technology, 2008). As a result of this strategy, information on M SW  has greatly 
improved in recent years, e.g. the Wastedataflow reporting tool for local authorities 
(DEFRA, 2004) and the yearly Open University household waste study (Jones, 
Nesaratnam et al., 2008). With regard to C&l waste, a lot of information is collected 
during the waste surveys carried out in preparation for the compulsory regional waste 
strategies; however, the statistical methods used in these surveys mean that the 
quantity and composition information gathered is usually aggregated and extrapolated 
to estimate total waste arisings only at regional scale. This means, most unfortunately, 
that detailed information on building areas, number of employees or other potential 
proxy variables that would be useful to estimate C&l arisings at small scale are not 
usually collected or are lost in the aggregation process. Therefore, detailed 
information on C&l waste generation and composition is still scarce.
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Household waste accounts for 88 .7%  of MSW  according to DEFRA (2008) and the 
latest Open University study for DEFRA (Jones, Nesaratnam et al., 2008) quotes waste 
generation figures of 18.6 kg per household per week with the average composition as 
shown in Figure 22. Information for each individual waste authority can be found in the 
Online Recycling Information System by WRAP (2006/07).
Average household waste composition 
London 2008
25% 20%
32%
□  P aper/ 
cardboard
□  M eta l
□  G lass
□  P lastic
■  P utrescib le
□  O th er
Figure 22. Average household waste composition. Adapted from Jones (2008)
When possible, instead of this generic waste composition, specific waste information 
for a project should be used, e.g. the local waste composition for Reading has been 
used in the case study in section 14.2, limiting the use of average waste data for when 
no other data is available.
ERM (2006, section 3.3) has modelled possible MSW  growth scenarios that range 
from a 0%  to a 2 .5%  yearly increase. The fast growth scenario uses the historic 
growth rate for the early years of this decade although the rate has dropped recently 
to 1.5%  (DEFRA, 2007). The central scenario modelled by ERM assumes a steady 
decline in growth rate from 1.3%  in 2005 to static growth by 2045. These growth 
figures or other estimates can be used to model waste growth in the economic model 
as described in section 1 0 .6 .
For C&l wastes, many surveys do not disaggregate waste data by activity. For 
example, McLaurin (2006) presents waste generation rates for different C&l business 
in Scotland and groups them by location and number of employees. However, 
composition information is not provided. Conveniently, other reports contain more 
useful and detailed data about C&l waste and provide benchmarks for different type of 
businesses. For example, a similar report to McLaurin’s but for Northern Ireland by 
Leach (2002) quotes averages as well as lower and upper limit benchmarks of 
generated waste for several business categories. Despite providing composition 
information, the largest waste stream quoted is “mixed waste”, i.e. two or more 
materials mixed together at the collection point, which limits the use of the 
composition information. The UK Environment Agency carried out a survey in 1998/99
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and updated it with results from a more specific C&l waste survey in 2002/03. The 
results show average waste generation per employee and composition and are 
published as a web-tool (Environment Agency, 2003).
In Ireland, Hogan (2004) characterised non-household MSW . Hogan also reviewed 
some similar exercises elsewhere in the world, concluding that information on 
commercial waste was scarce and that there were different standards to classify it 
yielding disparate results. In the USA, two reports contain detailed information on 
benchmarks and composition, one from the city of New York (HDR Architecture and 
Engineering, 2004) and one for the California Waste Management Board (Cascadia 
Consulting, 2006). Dubai municipal guidelines (2001) include some indicative figures 
as guidance to estimate waste generation and create waste strategies. Some of these 
international reports contain information on waste generation in offices, hotels, retail 
outlets and airports.
Specifically for the UK, chapter four of CIBSE Guide G (2004) contains information on 
waste volume and densities. Some general guidance on waste storage in buildings, 
with information on waste generation volumes for different buildings, is available in the 
British Standard 5906 (2005) and the Building Regulations part H 6  (ODPM, 2002). 
However, storage requirements are often further detailed by local planning authorities, 
for example, the guidance provided by Westminster (Environmental Service Group,
2007).
Two sources of waste information are available for the education sector in the UK. 
One is the Environmental Association for Universities & Colleges waste guide (EAUC,
2001) with results from various waste surveys and advice on waste management. The 
other is a publication by Waste Watch (2005) which addresses energy, water and 
waste for primary and secondary schools as well as for higher education 
establishments.
There is also information on waste generated at UK airports (Pitt and Smith, 2003) as 
well as at Irish airports (Hogan, Cunningham et al., 2004). The proxy variable used in 
these reports is the number of passengers passing through the airport.
W aste generation in offices has been studied in the UK by the Building Research 
Establishment (Bartlett, Bishop et al., 1995) which quotes similar figures to those 
reported by Waste Watch (1995). A more recent study also by Waste Watch (2004) 
has more detailed information for different types of offices, e.g. small versus large 
headquarters, etc. Finally, more office waste benchmarks and composition can be 
found in the report by EnviroCentre (2005).
Hotels are also frequently found in building developments and an international report 
has been published (IBLF, 2005) with waste benchmarks in kilograms per guest per 
night depending on the hotel category, e.g. from luxury to budget.
ERM (2006, section 3.3) has also modelled C&l growth which is usually considered, 
although not confirmed, to be linked with economic growth. Therefore, its estimates 
are based on economic growth estimates of 2 .6 %  for commercial and 1 .6 %  for 
industrial until 2020 and static growth from this point forward. As for MSW , these 
figures can be used to model waste growth in the economic model as described in 
section 1 0 .6 .
In a few of the C&l categories, several sources of information have been found for a 
single building use, e.g. education, office, etc. and each of them usually reports 
slightly different results. Therefore, when more than one source of information for a 
similar type of building is available, the results can be presented as an average and a
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confidence interval. These will reflect the uncertainty in the data, the fact that they are 
usually applied to similar although not equal buildings to those from where they were 
obtained, the variability in future usage and generation, etc.
An example of this, using average values and confidence levels at 95%  for quantities 
and composition for education facilities in the UK and Ireland, is shown in Figure 23 
and Figure 24.
W aste composition benchmarks for education facilities
7 0 %
6 0 %  -
5 0 %  -
4 0 %  -
3 0 %  -
^  20% -
10%  - ♦
U  /O  “ Paper/cardboard Metal Plastic Putrescible
UK- FHE 55.0% 2.0% 4.0% 17.0% 18.0% 4.0%
♦  lreland4Dub)in 48.0% 4.0% 3.0% 6.0% 30.0% 9.0%
♦  UK-EAUC 64.0% 2.0% 5.8% 6.0% 7.0% 15.2%
♦  UK-Sec. School 53.0% 3.0% 2.0% 14.0% 20.0% 8.0%
— Upper confidence level 61.8% 4.2% 5.3% 16.4% 32.9% 14.0%
— Lower confidence level 45.4% 1.8% 1.8% 0.0% 9.1% 4.1%
— Mean 3.0% 3.6% 9.8% 21.0% 9.0%
Figure 23. Waste composition benchmarks for education buildings.
W aste quantity benchmarks for education facilities
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■ Ireland-Dublin 45
♦  UK-EAUC 45
♦  UK-Sec. School 22
— U pper confidence level 86.9
— Lower confidence level 14.3
— Mean 50.6
Figure 24. Waste quantities benchmarks for education facilities
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3.4 Limitations
The limitations described in this section refer to waste data quality, but because the 
WET relies only on these data, they influence the WET results.
The first limitation that appears when researching for waste data is the difficulty in 
planning the necessary surveys because detailed information on individual business 
floor areas is not available so random samples cannot be obtained using the floor area 
as an independent variable. The only information available is usually the number of 
employees for each type of business (Leach, Temouri et al., 2002). However, the 
number of employees has a complex statistical distribution that makes quite difficult 
the selection of representative samples.
Once the samples are chosen, the detailed information on building areas, number of 
employees or other potential proxy variables that could had been collected during the 
survey is usually aggregated and extrapolated or simply lost preventing the application 
of those data at scales smaller than regional.
Other limitations are due to the benchmark units. For example, sometimes waste 
benchmarks are expressed in volume units, e.g. number of full wheelie bins per day or 
compactors per week that are easy to record and do not require a weighing system. 
Nonetheless, weight is preferred to volume because volume measurements are very 
unreliable due to the waste heterogeneity and because its density may vary 
substantially from container to container and even within a container, as a result of 
settling, etc. Therefore, direct weight measures are preferred to avoid the increased 
uncertainty inherent in using average density figures to convert volume to weight 
although when this is not possible, average density values can be used (WRAP, 2009).
Just as weight is preferred to volume in waste benchmarks to reduce uncertainty, 
there are limitations when relating the benchmarks to the agents producing the waste, 
e.g. employees or students, or to the area where their activities take place, e.g. square 
meters of office or school. On one hand, area is usually the only information available 
at the early stages of a project, so having benchmarks related to area should allow 
straightforward calculations without the need of further conversion. On the other hand, 
waste generation is not related to the area in itself, but rather to the activity taking 
place. Usually, conversion ratios, e.g. employees per unit of area can be used to 
transform waste benchmarks with building areas when the latter are the only project 
information available. Some of these ratios can be found in design guides (Arup, 2001 ; 
lOP, 2002; EnviroCentre, ICE et al., 2005). Nonetheless, these ratios increase the 
uncertainty of the waste estimates because of the extra transformation they perform.
Finally, the accuracy of the figures incorporated in the W ET cannot be fully assessed 
because some sources do not publish their methodology or confidence intervals. 
Therefore, as recognised by the EU, estimates will be an “imprecise exercise” 
(European Commission, 2005, p. 20). Additionally, estimates may be affected by 
internal, i.e. waste generation habits, or external, i.e. increase on recycling, temporary 
changes that will further complicate the forecasting. Therefore, the WET estimates 
should be subject to sensitivity analyses and their long-term validity will need to be 
considered in the screening phase of the DST.
3.5 Waste audits
In order to try to improve data on waste arisings and composition, three waste audits 
were carried out during the research and their results incorporated into the WET.
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The first audit was carried out in a Buro Happold project in a combined secondary and 
further education college and the second involved one of Buro Happold’s offices. The 
third audit was carried out in preparation of the waste strategy for an important 
museum. In all cases, the location was central London.
The first audit was carried out just for one day on Wednesday 31®^  October 2007. This 
date was a normal operating day in the college with no special circumstances that 
may have affected the waste generation. All the waste generated in the college and 
usually disposed in a compactor or recycled was audited and information on waste 
streams not disposed there was gathered from the facilities management team.
Total waste composition at College
Hazardous
0.1%
Non-ferrous 
2.7%  
Sanitary 
2.7%
Other plastics 
4.8%
Food w aste  
5.9%
Inert
0.1%
Wood
10.5%
11.2%
Ferrous
17.3%
Paper
38.7%
Figure 25. College waste composition
The results of the audit are shown in Figure 25 matching quite accurately the average 
values shown in Figure 23 with the only clear exception being metals. This can be 
explained by the college having metal and car workshops that would generate metal 
waste above the average of other colleges.
Two scenarios regarding occupation patterns were used to estimate the amount of 
waste that would be generated in the college during a year based on the number of 
students provided by the facilities management team of 1,934 full time equivalent 
students. The first scenario was that college would operate during the 38 academic 
weeks as during the day of the audit and the remaining 13 weeks when the college is 
mainly used only by staff, waste generation would drop to 25%  of that on the day of 
the audit. The second scenario was that the college would operate as the day of the 
audit for 51 weeks of the year. The results, in kilograms of waste generated per full 
time equivalent student, were 47.5 kg/student/year or 65.1 kg/student/year, both 
within the confidence intervals shown in Figure 24.
In the audit at a Buro Happold’s office, longer and more detailed sampling was 
possible and a typical week could be selected, i.e. no bank holidays or any other 
special conditions. As a result, a sampling rate of 100%  was possible and every 
residual and recyclable bag was audited for a whole week in November 2007. In total.
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more than 250 kg of recyclable materials and another 250 kg of residual waste were 
audited. When combined with data gathered indirectly on other waste streams, e.g. 
bulky waste and WEEE, around 564 kg of waste were found to be generated each 
week, equivalent to more than 29 tonnes per annum of waste, assuming one week of 
annual closure. The composition of the waste audited is shown in Figure 26.
Total weekly waste composition generated
Ferrous
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Bulky w aste  1-0%  
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Figure 26. Yearly office waste composition
Considering the number of employees in the audited office, a benchmark of around 97 
kg of generated waste per employee per year was found. However, this is a low figure 
if compared with published benchmarks that range from 496 kg per employee per 
year in the financial sector according to Waste watch (2004), a best practice figure of 
200 kg quoted in the same report by Envirowise or a 300 kg per employee for 
California based offices (Cascadia Consulting, 2006). Possible reasons for this low 
waste generation rate may be an increased waste awareness or perhaps the lack of 
direct comparable benchmarks for the exact type of business carried out in the office 
and its location.
The streams above were aggregated into the generic categories used in the Waste 
Estimation Tool and compared with the average of the composition for the published 
benchmarks. Table 3 presents the results and shows a very good match between 
these sets of figures.
Average of 
benchmarks
Lower conf. 
interval (95%)
Upper conf. 
interval (95% )
Office audit 
results
Paper & Cardboard 67.1% 43.7% 90.5% 59%
Metal 2 .2 % 0.5% 3.8% 1 %
Glass 1 .8 % 0 .2 % 3.5% 2 %
Plastic 1 0 .1 % 6 .0 % 14.3% 9%
Food waste 14.0% 0 .0 % 30.2% 19%
Other 6 .6 % 3.5% 9.8% 1 0 %
Table 3. Comparison of average waste composition benchmarks with office audit results.
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The waste audit in the museum was carried out in October 2008 as a preliminary 
stage for the waste strategy necessary to obtain the planning permission for a 
proposed enlargement of the museum.
The waste was audited on a weekday and again on a weekend day given the large 
difference in the number of visitors over these two periods. The sampling rate was 
50%  of the waste disposed through a residual compactor and the recyclable bags 
given the large amount of waste generated. The percentage found for each waste 
stream is shown in Figure 26.
Museum waste composition
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Figure 27. Museum waste composition
The data obtained from the waste audit gave a figure of 14.5 tonnes of waste 
produced per week, equivalent to more than 750 tonnes per year. If divided by the 
number of visitors, this equates to 0.154 kg of waste per visitor per year. 
Unfortunately, no other benchmark was found with which to compare the result.
Pablo Izquierdo Lopez
EngD Dissertation   Volume I Page 46
4 Technology review
This section is an introduction to the technology reviews done for each of the EfW 
technologies considered in this research. It presents the general sources of 
information used, the problems identified, possible prime movers for energy 
generation and the relation between generated heat and power as well as specific 
legislation.
4.1 Technological review contents and objective
Information for each EfW technology can be found in the respective sections: AD (of. 
section 5), incineration (of. section 6 ), gasification (of. section 7), pyrolysis (of. section 
8 ). For completeness, section 9 presents a summary of plasma gasification and 
Mechanical Biological Treatment (MBT). The former is an EfW technology that could 
become mainstream in the near future. The latter is a group of processes that could 
incorporate AD and/or produce Refuse Derived Fuel (RDF^ for use as feedstock in 
gasification and pyrolysis plants.
Nonetheless, these sections are not intended to be an in-depth detailed description of 
each of the EfW technologies or a guide to the selection of the most appropriate 
process variants of each technology for particular building developments. This is in 
line with the aims of this research, whereby the DST is intended to be used as 
described in section 2  and any detailed design will need to be done in future project 
stages and it is outside the scope of this research. Rather, these sections describe the 
EfW technologies considered in this research and their operational parameters, etc. in 
sufficient detail to allow strategic decisions to be made at the early stages of a project 
in the selection of technologies that are feasible, if there are any.
4.2 Générai information sources
As mentioned in section 2.4, comprehensive reviews of the status of EfW 
technologies, mainly in the UK but with references to Europe and the rest of the world 
were published by McLanaghan (2002), Fichtner Consulting Engineers Ltd. (2004) and 
Juniper (2000; 2005; 2007). Other sources of technical data on EfW technologies 
include the Environment Agency Waste Technology Centre (Environment Agency, 
2006). This centre provided very good descriptions and case studies of thermal 
technologies classified under the chemical type of the technologies, but unfortunately, 
it is no longer operational. Additionally, DEFRA has compiled some more case studies 
and examples of EfW plants in the UK and overseas (DEFRA, 2005; DEFRA, 2005).
The documents describing the best available technologies (BAT) for incineration and 
waste treatments published by the Institute for Prospective Technological Studies 
(2005; 2005) are a good source of information particularly for EfW technologies.. 
Similarly, the report “Review of BAT for new waste incineration issues” (AEA 
Technology, 2001) focuses mainly on gasification and pyrolysis with comprehensive 
descriptions of the processes, the associated pre and post activities and the different 
prime movers used to produce power. Another good source of information on thermal 
EfW technologies are the reports from specialised consultancies prepared for local 
authorities to help them understand the technologies and which is the most 
appropriate approach for their waste strategies, something that the DST aims also to 
provide.
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Regarding biological EfW technologies, two sources include thorough information on 
AD. They are the book by Alvarez (2003) and the Juniper reports (2005; 2007)
Incineration is the leading EfW thermal technology because there are fewer 
gasification and pyrolysis plants is much less than that of incineration plants; however, 
in some parts of the world, like Japan, this is changing (Juniper, 2000; Sutcliffe, 2002). 
The report “The viability of advanced thermal treatment of M SW  in the UK” by Fichtner 
Consulting Engineers (2004) presents a comparison of gasification/pyrolysis versus 
incineration dismissing some of the statements typically mentioned in the literature as 
disadvantages of incineration. It confirms that some gasification and pyrolysis 
processes have had to be abandoned because of problems in operation and/or during 
commissioning, e.g. the Lurgi processes, the Wollongong demonstration plant based 
on Brightstar’s SWERF technology, the Furth plant, based on Siemens technology, 
etc. The situation presented shows that gasification and pyrolysis are not yet 
commercially proven and that some of their advantages come at the expense of pre­
treatment that, if taken into account, levels the balance with incineration.
From a technical point of view, the typical phases that fuel used in any thermal 
processes undergoes are: drying, pyrolysis, gasification and, finally, oxidation. These 
phases occur simultaneously and influence each other; however, some processes are 
designed to dwell on the second or third stages, usually by controlling the supply of 
oxygen to the reaction chamber, thus the generic names of the technology e.g. 
pyrolysis or gasification (Institute for Prospective Technological Studies, 2005).
Regardless of the technology, EfW plants can generate both electricity and heat but if 
both are generated simultaneously, their ratio depends on the plant’s prime mover and 
its capacity. Therefore, in the early stages of the EfW plant design it is necessary to 
assess the potential heat and electricity demands to choose a prime mover for the 
plant suitable to supply both. The ratio between the heat and power generation is also 
a characteristic of the prime mover and so it needs to be selected to supply the 
expected heat-to-power ratio. For example, large CHP incineration plants usually have 
a steam turbine, e.g. the Goteborg incinerator that is an CHP incinerator with a 
capacity of 460,000 tpa and that generates 32 MW^ as well as being a heat base 
supplied for the city’s district heating (DH) network with a heat-to-power ratio of 0.23  
(Holmgren, 2006). Gasification and pyrolysis plants may have either a steam turbine or 
a gas turbine powered directly by the syngas that are more efficient 
thermodynamically than a steam turbine. Finally, AD plants typically use biogas in 
internal combustion engines.
Table 4 has been compiled by the Irish CHP association (2009) with indications of the 
size and heat-to-power ratio of some prime movers and could be used as a guide for 
the selection of the most appropriate prime mover for an EfW CHP plant.
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Type Electric Output Range Typical Fuels
Typical Heat- 
to-power Ratio
Grade of Heat 
Output
Gas Turbine
0.5 M W , 
upwards
Natural gas. Gas 
Oil, Landfill gas. 
Biogas, Mine 
gas
1.6:1 up to 5:1 
with after firing High
Compression 
ignition gas 
engine
2 M W , 
upwards
Natural gas with 
gas oil. Heavy 
fuel oil
1:1 to 1.5:1 up 
to 2.5:1 with 
after firing
Low and High
Spark Ignition Up to 4 M W ,
Natural gas. 
Landfill gas. 
Biogas, Mine 
gas
1:1 to 1.7:1 Low and High
Steam Turbine 0.5 M W , 
upwards
Any, but 
converted to 
steam
3:1 to 10:1 Medium
CCGT 10 M W , upwards As gas turbine Down to 0.7:1 Medium
Table 4. Heat-to-power ratios and fuel (Irish CHP association, 2009)
4.3 Legislation
Legislation and the need to obtain planning permission are two common aspects of 
EfW technologies thus they are presented here rather than in each individual section.
There are a few guiding principles embedded in the European legislation governing 
waste. The first one is the waste hierarchy (cf. Figure 3) adapted from the European 
Union (EU) Waste Framework Directive (European Commission, 1976) and reiterated in 
the recently updated version of the directive (European Commission, 2008). Other 
principles include:
•  Polluter pays principle. The producer of the waste pays for the management of 
the waste materials they generate.
•  Proximity principle. The proximity principle states that waste should be 
disposed of in one of the nearest appropriate installations. This limits the 
environmental impact of transporting waste long distances.
•  Precautionary principle. Protection measures are put in place to prevent 
unproved or un-established threats or harm to humans or the environment.
The Waste Incineration Directive or W ID (200/76/EC) (European Commission, 2000) 
has been transposed into UK legislation via the Pollution Prevention and Control 
Regulations 2000 (UK Parliament, 2000). These were introduced under the Pollution 
Prevention and Control Act 1999 (UK Parliament, 1999) that was also used to 
incorporate into UK law the Integrated Pollution Prevention and Control Directive 
(EC/96/61) (European Commission, 1996) from the EU. The regulations include the 
concept of Best Available Technology (BAT) and replaces the Integrated Pollution 
Control regulations that were set in place by the Environment Protection Act 1990 (UK 
Parliament, 1990). These regulations limit the emissions of contaminants into the 
atmosphere, water and soil of any existing or new plant that treats waste to very 
stringent levels.
Pablo Izquierdo Lopez
EngD Dissertation Volume I Page 49
The following table is an extract of the emission limits set by WID (European 
Commission, 2000):
Pollutant Units WID Limits
Particulates/dust mg/Nm^ 1 0
Sulphur dioxide mg/Nm^ 50
Oxides of nitrogen mg/Nm^ 2 0 0
Carbon monoxide mg/Nm^ 50
Hydrogen chloride mg/Nm® 1 0
Hydrogen fluoride mg/Nm® 1
Total organic carbon mg/Nm^ 1 0
Mercury mg/Nm^ 0.05
Cadmium, Thallium mg/Nm^ 0.05
Other metals mg/Nm® 0.5
Dioxins & furans ng/Nm® 0 . 1
Table 5. Emission limits set by WiD.
Another directive, the EU landfill directive (European Commission, 1999) has been 
implemented in the UK under the Waste and Emissions Trading Act 2003 (UK 
Parliament, 2003). This Act provides the framework for a Landfill Allowance Trading 
Scheme (LATS) designed to implement Article 5(2) of the Landfill Directive. This 
scheme uses an allocation to waste disposal authorities of tradable allowances that 
convey the right to landfill a certain amount of biodegradable municipal waste in a 
year (DEFRA, 2009). Each authority can determine what to do with the allowances, but 
overall the aim is to comply with the landfill directive by rewarding waste authorities 
that invest in landfill diversion technologies and penalising those who do not.
The Institute for Prospective Technological Studies, part of the Directorate-General 
Joint Research Centre of the EU publishes the “BAT Reference” or BREF documents 
in order to exchange information on various of these technologies in different 
technology fields as defined in section 16(2) of the Integrated Pollution Prevention and 
Control Directive (EC/96/61) (European Commission, 1996). There are two relevant 
publications in the EfW field, one is the BREF on waste treatment industries (Institute 
for Prospective Technological Studies, 2005), and the other is the BREF on waste 
incineration (Institute for Prospective Technological Studies, 2005).
With regard to planning permission, the best practicable environmental option was 
required by the Planning Policy Guidance note 10 that has been superseded by 
Planning Policies Statement 10 that explains the policy and how to approach 
sustainable waste management planning processes and that requires the use of 
Strategic Environmental Assessments (ODPM, 2005). In addition, an environmental 
impact assessment (EIA) is required before granting planning permissions for almost 
every EfW development and emissions and operation licences are granted under 
Pollution Prevention and Control legislation (UK Parliament, 1999; UK Parliament,
2000). Most of these aspects are introduced in the “Energy from Waste: A good 
practice guide” report (CIWM, 2003) although further guidance and help may have to 
be sought from the Environment Agency and the relevant Local Authority.
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Other related legislation with EfW include the laws that set up energy or emissions 
targets, e.g. Climate change Act (UK Parliament, 2008), or those that set up support 
mechanisms, e.g. the renewable obligation order (UK Parliament, 2009).
Finally, another source of legislation information is Netregs (2007) which was 
established by the Environment Agency to help small and medium business on 
environmental topics and has a list of current and future applicable waste regulations 
to England, Wales, Scotland and North Ireland.
4.4 Anaerobic digestion specific iegisiation
In the case of anaerobic digestion (AD) the Animal By-Products regulations (UK 
Parliament, 2005), issued in 2005 and updated in 2009 for England, play a very 
important role. These regulations were the EU response to the bovine spongiform 
encephalopathy and the foot-and-mouth diseases. This legislation regulates the 
treatment of catering waste in composting and biogas facilities in the UK, limiting 
particle size, e.g. 6  cm, and defining the time and temperature of the treatment, e.g. 
70 °C for 1 hour. Moreover, the regulations require pasteurization of some animal by­
products including some kitchen and M SW  and place strict controls on how they can 
be used to comply with EU and DEFRA’s regulations.
Another regulation that affects AD specifically is the landfill directive (European 
Commission, 1999) that aims to reduce biodegradable waste, including paper, card, 
food, garden waste and organic textiles, going to landfill to 75%  of 1995 figures by 
2010 and to 35%  by 2020. The capacity of AD to treat these wastes could encourage 
its implementation on the grounds of a sound waste management strategy. In the UK, 
the landfill tax is already driving business into the right direction by taxing waste going 
to landfill.
Despite not being a legislative instrument, the recent quality protocol on anaerobic 
digestate (WRAP, 2008) has established criteria for the use of digestate as a 
recovered product (i.e. a product that is no longer a waste) as described in section 
5.5.2.
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5 Technology analysis. Anaerobic Digestion__________
This section describes the anaerobic digestion (AD) EfW technologies. It explains the 
different AD classifications and considers the advantages and disadvantages, input 
and outputs as well as some benchmarks on scale, land requirements and energy 
generation. It also presents a Strength, Weakness, Opportunities and Threats (SW CQ  
analysis of the technology and the current status of the technology in the UK as well 
as examples from other countries.
AD is a naturally occurring process that has been engineered and optimised. It is 
carried out by particular groups of bacteria that break down complex organic 
compounds in the absence of oxygen. From a waste perspective, AD is used to 
transform the organic fraction of wastes into biogas as well as solid and liquid by­
products known as digestate and liquor that can be used as soil conditioner or 
fertiliser. From an energy perspective, the biogas can be used, usually after cleaning, 
in an internal combustion engine (ICE) or in a gas turbine to produce electrical energy 
and/or heat. Alternatively, it could also be used for transport after being upgraded and 
compressed, but this is outside the scope of this research.
AD technology is best suited for biodegradable wastes, also known as organic or 
putrescibles, with no or little lignin content (e.g. paper, grass and wood) because lignin 
is only partially digested. Plastic, glass, metals and other waste streams are not 
appropriate and should be removed before the process.
AD systems typically comprise a lagoon or a main tank, also known as digester, that 
can be oriented vertically or horizontally and where the digestion process takes place, 
together with ancillary equipment such as pumps, pipework, storage tanks, etc. In its 
simplest form, feedstock is introduced by gravity or mechanical means, e.g. pumps or 
screw conveyors, into the tank or lagoon and the biogas is captured from the top and 
burnt to generate energy and digestate is extracted to allow new feedstock in.
There are many AD installations worldwide (of. section 5.10), mainly treating sewage 
sludge in waste water treatment plants. There are also some plants treating animal by­
products, manure, green waste and more recently putrescible, i.e. organic, streams of 
municipal, commercial and industrial waste (IWM AD working group, 1998; University 
of Southern Denmark, 2000; European Compost Network, 2006). Some digesters treat 
only a single waste stream, but co-digestion, i.e. processing more than one waste 
stream together (Mata-Alvarez, 2003), is usually better as a result of improved control 
over key operating parameters such as pH, carbon to nitrogen ratio, etc. Additionally, 
co-digestion usually increases biogas yields and improves process stability. The type 
of plants and technologies ranges from very simple handmade installations in China, 
India and some other developing countries (Fulford, 1998) to large scale installations 
such as the Holsworthy centralised AD plant in Devon (Prior, 2007).
In summary, AD is a technology with a proven track record of treating manure and 
sewage sludge although its use to treat the organic fraction of M SW  and C&l wastes is 
more recent depending on the country. For example, in Denmark there have been 
plants co-digesting M SW  and C&l wastes in operation since 1994 (IWM AD working 
group, 1998), whereas Switzerland still considers AD to be “in development phase” 
(ISWA, 2006). Similarly, in the UK is still regarded as not fully proven given the few  
operating plants.
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5.1 Classification
Some of the criteria that have been used in the literature to classify AD systems are:
•  Loading schedule. According to how the feedstock is loaded, the plant can 
operate in batch or in continuous mode;
• Number of stages. Most AD plants have one stage although multiple stages 
are possible;
•  Flow pattern. Depending on how the feedstock flows within the main tank, the 
process is classified as upflow or downflow;
•  Solid content. The percentage of solids in the mix being digested allows to 
classify the systems as wet or dry, and
•  Temperature regime. The temperature of the digestion tank defines the 
predominant type of bacteria carrying out the digestion. The most common 
types of bacteria are mesophilic or thermophilic.
Some of these classifications will be explained in more detail in the following sections. 
These classifications are not exclusive, e.g. according to the feedstock supply timing 
to the digester, AD processes are said to operate in continuous or in batch mode and 
this classification can be combined with the one-stage or two-stage systems 
depending on the number of main tanks in the system. The Environmental Protection 
Agency (EPA, 2006) has produced a report comparing single versus multiple stage AD  
processes with the main conclusion that the latter can better optimise the process but 
with the penalty of increased cost and complexity.
The flow pattern reflects how feedstock flows inside the tank, whereas the water 
content of the slurry supplied to the main digestion tank determines if the process is 
classified as wet or dry. Dry systems process slurries with more than 25%  suspended 
solids whereas wet system slurries contain less than 15%  suspended solids (lEA Task 
24, 2001; Wheeler and de Rome, 2002; Mata-Alvarez, 2003). In between these two 
extremes, semi-dry and semi-wet systems can be found. Finally, the temperature at 
which the anaerobic decomposition is carried out by the bacteria is the key parameter 
for the classification of the system as psychrophilic, mesophilic or thermophilic; these 
distinctions are explained in more detail in section 5.4.1.
A list of different AD processes classified according to their number of stages, process 
temperature and percentage of suspended solids has been compiled by Last (2009) 
and a recent comprehensive review of all AD systems has been carried out by Rapport 
et al. (2008) to inform the California Waste Board.
A more detailed description of different types of AD systems, for example covered 
lagoons, fully mixed digesters, plug flow digesters, anaerobic sequencing batch 
reactors, fixed film digesters, etc. is provided, together with their advantages and 
disadvantages, by Burns (2003) and Mata-Alvarez (2003). Another good reference 
document is the report “Anaerobic Digestion” from the Chartered Institute of Waste  
Management AD Working Group (1998) and also the report from the International 
Energy Agency Task 24 (2001).
A few AD leading manufacturers such as Linde (Hagenmayer, 2009), (cf. Figure 28), 
Kompogas (2006), Valorga (2006) or Dranco (2006) have worldwide presence but 
many other AD plant designs are bespoke solutions.
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Figure 28. Linde plant schematic (Hagenmayer, 2009).
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5.2 Process
The core of an AD process comprises several chemical reactions grouped into three 
phases that run concurrently (IWM AD working group, 1998; Verma, 2002; IS W ater & 
Wastes, 2003; Mata-Alvarez, 2003). These are:
•  Hydrolysis. Enzymes secreted by bacteria help to break down carbohydrates, 
proteins and lipids into simpler sugars, amino acids and fatty acids.
•  Acetogenesis. Products of the hydrolysis phase are degraded by acetogenic 
bacteria producing Volatile Fatty Acids (VFA), COg and hydrogen. Mixing is 
important in this reaction to prevent accumulation of VFAs.
• Methanogenesis. Methane is produced by methanogenic bacteria that 
decompose the VFAs as well as by reaction of hydrogen and COg.
The hydrolysis phase can start in the mixing tanks before the slurry is fed into the main 
tank although typically the three phases take place simultaneously and all the 
chemical species are in a complex dynamic equilibrium. These equilibria and the 
bacteria carrying out the reactions are affected by pH and temperature as it will be 
described in sections 5.4.1 and 5.4.2. Therefore, the main tank where the reactions 
take place has to be adequately mixed to avoid accumulation of any particular 
chemical species and it is usually heated and insulated to maintain its temperature. 
This is achieved by circulating hot water, generated by burning biogas in boilers or in a 
CHP engine, through heat exchangers to maintain the tank at its design temperature. 
This parasitic load on the plant will be discussed in section 10.8.
The feedstock is usually pre-processed before feeding it into the main AD tank to 
regulate the percentage of solids in the slurry. This avoids contamination and ensures 
the appropriate particle size distribution. Previous studies (IS W ater & Wastes, 2003) 
have shown that biogas yields depend inversely on the substrate’s average particle 
size. Therefore, screw-cutting, milling and drumming processes can increase gas 
yields especially with non-readily digestible substrates like lignin and cellulose that are 
present in woody materials, paper, etc. (Palmowski, J. A et al., 2000; Mshandete, 
Bjornsson et al., 2006). Usually, the energy required in this process is less than the 
extra biogas produced (IS Water & Wastes, 2003). Other forms of pre-treatment 
include biological treatments as hydrolysis or aerobic digestion and, in the category of 
physico-chemical treatment, oxidation and thermal treatment (Mata-Alvarez, 2003).
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Outputs from the main tank usually need post-processing; e.g. scrubbing the biogas 
or dewatering the digestate. Pasteurization is another post-treatment required by the 
animal by-product regulations (ABRR) (UK Parliament, 2005) because of health 
concerns over some diseases, e.g. foot-and-mouth disease. In order to comply with 
these regulations, AD systems that are fed with animal by-products must have a 
pasteurization system capable of treating the digestate at the specified temperature 
for the specified time in order to eliminate the pathogens (IS Water & Wastes, 2003).
A monitoring system to track the critical operating parameters and to run the plant in a 
semi-automated mode (e.g. pumping slurry into the digester, adding limestone to 
control pH, manage the flow through the heat exchangers to control the temperature 
of the vessels, etc.) is essential to optimise plant operation.
5.3 Schema
Figure 29 is a very simple schematic of an AD plant in Bretch (Belgium) that is a 
thermophilic, single stage, downstream digester, known as the Dranco process.
Compost
Biowaste
Gas scrubbing
Steam
Flare W ater
Biogas
Electricity
Gas
storage
Digester
Dewatering
Pasteurization
CHP Unit
Mixing and 
feeding tank Compost W ater to effluent 
treatment plantElectricity and Heat Biowaste
Figure 29. Anaerobic digestion schematic.
The sketch in Figure 29 shows a mixing and feeding tank where the feedstock is pre­
mixed prior to pumping it into the main tank. The main tank is labelled as digester and 
is a gas-tight tank usually heated and insulated. It has one inlet for the slurry and two 
outlets, one for the digestate and another for the biogas situated at the top of the 
vessel. The biogas flowing through the gas outlet is stored in a buffer depot after 
being cleaned. From there, it can be delivered as fuel to a gas turbine or to an ICE or 
CHP unit if used on-site, or it can also be stored and pumped off-site. The digestate is 
usually stored in a nearby vessel before being further composted or spread as 
fertiliser. If it is stored as a dry cake, dewatering equipment will also be needed. A 
pasteurization system is also shown because it might be required by legislation.
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The construction materials for the AD plant components depend on the type of AD 
system, the type of waste to be processed and the budget. For example, vessels can 
be made of stainless steel, concrete or even plastic (Fulford, 1998; Kompogas, 2006).
More schematic designs of AD systems can be found in the IWM AD working group 
report (1998) and in chapter 5 of Mata-Alvarez’s book (2003).
5.4 Operating parameters
Accurate control of the operating parameters is extremely important to avoid 
operation problems whilst maximising biogas production. Therefore, this section 
describes the key operating parameters for AD systems and their influence with 
information drawn from different sources (IWM AD working group, 1998; IS W ater & 
Wastes, 2003; Mata-Alvarez, 2003; Castillo, Cristancho et al., 2006).
5.4.1 Temperature
Temperature is a design and an operational parameter because AD systems are 
designed for a certain temperature range and once it is fixed, it should be maintained 
between prescribed limits during operation. As described before, this is achieved by 
insulating and if necessary circulating hot water through heat exchangers in the tank.
Depending on the tank temperature, different type of microorganisms will thrive and 
carry out the digestion process allowing the following classification of AD systems:
•  Psychrophilic. The operating temperature is below 25 °C. These systems 
usually do not need heating but methane yields are lower.
•  Mesophilic. Named after the type of bacteria that best thrive at temperatures
around 35 °C. The gas yield is lower than for thermophilic systems but
mesophilic systems are cheaper to operate and easier to control.
•  Thermophilic. Different type of bacteria operates at temperatures around 55 °C
and give the name to systems that operate in that range. Thermophilic systems
have poorer process stability and require larger heating systems to maintain
the temperature.
In practice, only mesophilic and thermophilic processes are used to treat M SW  and 
C&l wastes. There are many published works comparing both processes and the 
advantages and disadvantages of mesophilic systems versus thermophilic systems 
are summarised below (University of Southampton and Greenfinch Ltd., 2002; Kim, 
Gomec et al., 2003; Song, Kwon et al., 2004; Bohn, Bjornsson et al., ; Connaughton, 
Collins et al., 2006).
•  The advantages include increased destruction rate of organic solids, biogas 
yield and destruction of pathogenic organisms, improved solid-liquid 
separation, shorter residence times and smaller tanks; whereas
•  The disadvantages are poor effluent quality, process stability and robustness 
to accumulation of volatile fatty acids, high energy requirements and operating 
costs and more structural requirements.
Consequently, there is no clear opinion as to which design temperature should be 
chosen “a priori”; therefore, it should be a function of the desired biogas yield, the 
type of feedstock, the land availability, etc. (IWM AD working group, 1998).
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5.4.2 pH
Another relevant parameter for AD operation is pH. In steady state operation, the 
slurry pH should be maintained around a neutral value between 6.5 and 7.5; however, 
this is not easy because some intermediate chemical species, like VFA, that are 
generated in the intermediate chemical reactions turn the medium acidic, i.e. they 
reduce the pH.
An acidic medium is usually a symptom of a stressed reactor, meaning that the 
bacteria are not thriving at their optimum and biogas production could be affected. 
Reasons for this imbalance include: nutrient excess or defect, bacteria washout, toxic 
conditions, etc. (IWM AD working group, 1998).
Mixing avoids VFA accumulation thus preventing local decreases of pH. This can be 
done by external actuators (e.g. stirrers) or by careful design of the digester and 
encouraging mixing by biogas buoyancy movement or by slurry movement to/from the 
inlet and outlets. In some other intermediate chemical reactions, alkaline species are 
formed resulting in a buffer effect in which alkaline and acidic compounds will 
neutralise each other. If all these mechanisms fail, limestone or other alkaline material 
may have to be added to recover a neutral pH (IS W ater & Wastes, 2003).
5.4.3 Residence time
Residence time is also known as retention time. It is defined as the ratio of the volume 
of the main digester tank to the volume of feedstock introduced per unit of time so it 
has units of time (e.g. hours or days).
This simple definition is more complicated in two-stage systems where there are two 
main tanks thus the retention time in either tank will be less than the total residence 
time in the system. This may lead to inconsistent figures across manufacturers with 
different technologies (IWM AD working group, 1998). In any case, time scales in the 
range of days should be expected because the chemical reactions governing the 
process are equilibria that require time to stabilise. Furthermore, the digestion is 
carried out by anaerobic microorganisms that require time to reproduce themselves 
and colonise the substrate (Mata-Alvarez, 2003).
Residence time represents the average time for which the feedstock is digested. It is 
lower for thermophilic than for mesophilic digesters. Roughly, it is around 15-20 days 
in the former and 30-40 in the latter, according to Mata-Alvarez (2003). Residence 
time is also related to the solid content in the slurry and dry systems require more time 
than wet systems to process the feedstock.
Residence time has to be optimised to maximise biogas production. This can be done 
modifying design and operation parameters although there are tradeoffs between  
them. For example, lower residence times result in less production of biogas but 
require smaller vessels (Buekens, 2005).
5.4.4 Organic load
Closely interlinked with residence time are the volatile solid (VS) content and the 
organic loading rate to the reactor. The former is a characteristic of the feedstock as 
not all the solids in the slurry are biodegradable (i.e. digestible). Therefore, it is 
expressed as a percentage representing the amount of solids that can be transformed 
into biogas. The latter represents the amount of biodegradable matter introduced into 
the digester expressed as the amount of VS introduced into the system per unit of
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time. The organic loading has an upper limit because high values usually represent 
high flows through the digester with an associated risk of washing the bacteria out of 
the system. It is presented as the mass of VS introduced into the digester per unit of 
time and per unit of digester volume (e.g. kg/day.m^).
The organic loading rate is related with the feeding method, i.e. continuous or plug- 
flow. Angelidaki et al. (2006) have studied its influence and Mata-Alvarez (2003) 
provides some guideline values for different systems, although introducing the caveat 
that it needs to be optimised for each system, type of feedstock, range of 
temperatures, etc. In summary, AD systems cannot be over, nor under loaded with 
organic matter, regardless of whether they are continuous or batch fed, to guarantee a 
smooth operation and stable production of biogas.
5.4.5 Nutrients
There are some other chemical species required for the microorganisms to thrive such 
as nitrogen, sulphur and phosphorous and other oligoelements like iron, cobalt, nickel, 
etc. Particularly relevant is the carbon to nitrogen ratio (C:N). This should be 
maintained between 20:1 and 30:1 for the optimum operation of the digester (Verma,
2002). This ratio can be achieved by co-digesting different inputs e.g. animal slurries 
and garden wastes with C:N of 6:1 and 100:1 respectively (Steffen, Szolar et al., 1998).
Although these nutrients are required in minimal quantities, their lack will hinder 
bacterial growth with the consequent decrease in methane yield (IWM AD working 
group, 1998). Conversely, if some of the oligoelements are present in very high 
concentrations in the feedstock, they can inhibit bacterial growth and stop the 
digestion process (ERA, 2006).
5.5 Inputs and Outputs
The input to the process is a suspension of organic matter in water known as slurry. A 
chain of chemical reactions carried out in the presence of enzymes produced by the 
bacteria present in the suspension decomposes it into a mix of methane, COg and 
other gases known as biogas, a solid fraction known as digestate and possible a liquid 
fraction known as liquor.
5.5.1 Inputs
The input to AD systems is known as feedstock or substrate. It is apparent fro(Dranco, 
2006; Kompogas, 2006; Valorga, 2006) m manufacturers’ case studies and from the 
literature (Fulford, 1998; IWM AD working group, 1998; RISE-AT, 1998; lEA Task 24, 
2001; University of Southampton and Greenfinch Ltd., 2002; Verma, 2002; Burns, 
2003; IS W ater & Wastes, 2003; Mata-Alvarez, 2003; Sosnowski, Wieczorek et al., 
2003; Banks, 2005; Buekens, 2005; Hartmann and Ahring, 2005; Bohn, Bjornsson et 
al., ; Castillo, Cristancho et al., 2006; Connaughton, Collins et al., 2006) that almost 
any organic waste can be treated in an AD plant. This includes the organic fractions of 
municipal, agricultural, commercial and industrial wastes, abattoir leftovers, poultry 
and cattle manure, harvest residues, breweries, milk and wine waste effluents. M ata- 
Alvarez (2003, Table 4.3) has compiled a list of substrates, with the type of reactor and 
the conditions for treating it together with the reference paper where it was studied. At 
present, there is particular interest in the digestion of the organic fraction of M SW  
(Castillo, Cristancho et al., 2006; Davidsson, Gruvberger et al., 2007; Zhang, El- 
Mashad et al., 2007).
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Despite the wide range of acceptable feedstocks, not all of them are optimum  
substrates for AD. For example, wastes with high content of lignocellulosic organic 
materials (e.g. cardboard, paper or wood) may better suited to thermal treatment with 
energy recovery (lEA Task 24, 2001 ; Tonge, Deaking et al., 2003).
The methanogenic bacteria required to carried out the anaerobic decomposition are 
already present in some wastes such as cattle and sheep manure (IS W ater & Wastes, 
2003). Nevertheless, it is common practice to recycle some digestate, which will 
contain some bacteria, to start a new reactor or batch.
Different feedstocks can be mixed in the practice known as co-digestion that can 
enhance biogas production because the mixture of components usually achieves 
better operational parameters: C:N ratio, volatile solids content, etc. Each installation 
is different because of its location, available wastes, legislation, inputs and outputs’ 
market conditions, etc.; hence, no general conclusions can be drawn. Most of the 
large-scale industrial systems process only one waste stream; however in simpler, 
small-scale systems a mix of M SW  with animal manure is used for better results 
(RISE-AT, 1998; Mata-Alvarez, 2003; Hartmann and Ahring, 2005).
Typically, the feedstock is mechanically pre-treated to screen out rogue materials and 
other contaminants. Then, it is mixed with water or steam until it forms a 
homogeneous suspension known as slurry with the appropriate particle size and 
percentage of solids depending on the type of reactor (e.g. dry or wet).
A major problem for AD systems is poor feedstock quality because of the presence of 
unsuitable matter, e.g. plastics, metals, antibiotics, etc., and/or inconsistent or 
changing composition. This problem affects AD plants more than other EfW 
technologies because contaminants like metals and plastic can affect the quality of 
the digestate, rendering it unsuitable for use as soil fertiliser and hence reducing its 
value. Moreover, chemical contaminants affect the conditions under which bacteria 
thrive and can delay or even stop their growth, thereby also stopping biogas 
production (ERA, 2006). Unsuitable matter should be prevented from entering the 
main tank, by screening, sorting and early detection in the case of chemical 
compounds. The contamination and poor quality problems may have multiple origins, 
inadequate collection systems, lack of pre-treatment, etc., which are out of the scope 
of this research; nonetheless, the AD Task Group (2009) provides some advice on how 
to avoid them.
Some examples of the undesired contaminants and/or toxic substances that affect 
bacteria are antibiotics, disinfectants, pesticides, free ammonia, chlorinated organic 
compounds, and pH changing substances. The effect of some of these has been 
investigated by Mensah (2003).
It is envisaged that most of the AD plants considered in this research would treat the 
organic fraction of MSW  and follow the results from Davidsson et al. (2007), who 
reviewed the performance of several AD installations treating this type of feedstock. 
Therefore, in the economic model it has been assumed that the AD feedstock would 
have a range of volatile solids between 14.5%  and 31 .5%  with an average of 24 .7%  
(of. Table 14 in section 10.8).
5.5.2 Outputs
The outputs from an AD system are a gas and a solid/liquid mix. The gas is known as 
biogas due to its organic origin and is typically composed of 50%  to 60%  methane, 
carbon dioxide accounting for almost all the rest and less than 1 %  of other
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compounds like sulphur compounds, ammonia, hydrogen, etc. (IWM AD working 
group, 1998). Table 6  compares the properties of biogas with those of natural gas. 
The solid/liquid mix can be separated to a certain extent with dewatering systems 
leaving a more solid fraction known as digestate and a liquid fraction or liquor that if 
not recirculated could be used as fertiliser as could the digestate (Wheeler and de 
Rome, 2002).
Unit Natural gas Biogas
CH 4 (vol%) 91.0 55-70
other hydrocarbons (vol%) 8 . 1 0
CO 2 (vol%) 0 . 6 30-45
Ng (vol%) 0.3 0 - 2
HgS ppm ~ 1 -5 0 0
NH 3 ppm 0 - 1 0 0
Net calorific value (MJ/nm®) 39.2 23.3
Table 6. Biogas and natural gas properties and composition (Jense and Jensen, 2000).
In this research, the estimated energy production from AD is based on a theoretical, 
i.e. with infinite time and ideal conditions, biogas production from a mix of the organic 
fraction of M SW  and green waste that would yield between 0.802 and 1.058 m  ^
biogas/kg VS with an average of 0.870 (Davidsson, Gruvberger et al., 2007). This 
theoretical value is reduced using a conservative actual to theoretical digestion ratio of 
74%  although higher values, e.g. 89% , are also reported by Davidsson. Finally, the 
energy in the biogas depends on its composition and the conservative value of 5.83  
kWh/m^ has been used although a higher value of 6.51 kWh/m® is also quoted 
(Davidsson, Gruvberger et al., 2007). These figures are equivalent to 20.9 and 23.4  
MJ/m® and are in agreement with Jense’s figures (2000). All these values have been 
incorporated in the economic model (of. section 1 0 ) and are similar to some biogas 
generation benchmarks that presented in Table 7 together with typical corresponding 
retention times.
Manufacturer Process Biogas (mVtonne waste)
Retention time 
(Days)
Dranco Dry 1 0 0 - 2 0 0 25
Citec Wet 100-150 2 0
Ecotec W et 150-200 15-20
Valorga Dry 140-160 14-28
Kompogas Dry 150 23
Table 7. Biogas generation benchmarks and retention times of some AD processes (Banks, 2005).
The biogas produced can be either used on site as fuel in an internal combustion 
engine (ICE) or gas turbine or alternatively compressed prior to being pumped or 
transported if required. A cleaning stage consisting of scrubbers and membrane filters 
is usually required in order to get rid of sulphur, siloxanes and chlorine compounds 
which are of particular concern because they cause corrosion and deposits in the 
power generating equipment if not removed upstream (Juniper, 2007).
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The digestate usually undergoes some stages of filtering and dewatering in a post­
digestion phase. Once the water content has been reduced, it can be used as soil 
conditioner or landscaping material. It can also be used directly as soil fertiliser or be 
further processed in traditional composting facilities prior to being spread. The liquid 
effluent, if it is not recycled into the process or used as liquid fertiliser, may need to be 
treated before being discharged (Juniper, 2007). The final use will depend on the
demand for it and a market where it could be sold, even at zero price.
The digestate contains nutrients, e.g. nitrogen, phosphorus, etc., which are not 
processed by anaerobic bacteria. The use of digestate as fertiliser can displace 
artificial fertilisers (Verma, 2002; Biffa, 2003) although the presence of heavy metals 
like zinc, copper, lead, etc. can prevent its use as fertilisers. Strict limits are fixed by 
legislation in order to prevent build up of heavy metals in soil that could enter the food 
chain (IWM AD working group, 1998). In the UK, WRAP (2008) has recently published 
a quality protocol on anaerobic digestate. This protocol establishes the necessary 
criteria for the use of digestate as a recovered product for land restoration as well as 
in agriculture, forestry and soil/field-grown horticulture, rather than being treated as a 
waste. When these criteria are met, digestate may become a revenue rather than a 
cost (Anaerobic Digestion Task Group, 2009).
5.6 Energy benchmarks and mass balance
This section will present an overview of the energy efficiencies that can be expected in 
AD plants and the mass balance of some existing AD plants to give an idea of how 
existing plants perform and what could be expected in similar conditions. All these
data are incorporated in the economic model described in section 1 0 .
The diagram in Figure 30 is the mass balance of the Valorga-type Tilburg plant in the 
Netherlands. This plant had some problems with high sand content and needed a 
solids separation stage.
Sorting unit
Anaerobic 
digest on
Biogas
4 ' O O t
Sand 
4 6 00 t
Fresh compost 
25 70Dt
Water 
Polyeleccrolite 
6  7 00 t
Excess water
11 soot
Kitchen and ga'den wasta  
Source-separated collection 
40 0 0 3 1
Figure 30. Mass balance of Tilburg (Valorga type) AD plant (Valorga, 2006)
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Further mass balance data are available from Biffa’s AD plant in Wanlip. This plant 
accepts up to 60,000 tpa of biodegradable M SW  and generates 1.5 MWg (Jacobs 
Babtie, 2006). The percentage of digestate is around 52%  of the input although 
figures as low as 30%  are quoted by Chackiath (2005). Additionally, the AD plant in 
Wanlip has to dispose a 7 .3%  of its input as sand and grit to landfill. This percentage 
is similar to the 10%  figure reported by Chackiath although it is just half of the 14%  
reported by the Hese Umwelt manufacturer (Jacobs Babtie, 2006). All these figures fit 
in the range as reported by AEA Technology (2007). The remaining percentage is 
made up of biogas, whose quantities were discussed in section 5.5.2, and a liquid 
output that is typically recirculated in wet plants or disposed to sewage in dry plants.
For electricity only plants, electricity efficiencies up to 40%  have been achieved 
according to MacLeod (2005) for ICE engines with biogas and 30%  for steam turbines 
whereas AEA Technology (2008,section 4.1.8) quotes a 33%  generation efficiency. 
Hese Umwelt, an AD manufacturer, reports in a Private Finance Initiative (PFI) 
business case (Jacobs Babtie, 2006) efficiencies of 35%  and that 90%  of the biogas is 
used for generation, i.e. 10%  parasitic loss. This parasitic loss is similar to the one 
reported by Andigestion (2008) in their Holsworthy plant.
For CMP plants, Wheeler (2002, Table 4.6) reports a plant with thermal efficiencies 
between 39 .3%  and 50.1%  and electric efficiencies between 17.6%  and 20% . Higher 
figures are reported by the biomass task force which says that it might be possible to 
achieve up to 80%  overall efficiencies with 40%  of electricity and 40%  heat 
(MacLeod, Clayton et al., 2005, table 1 of appendix D ). Nonetheless, CHP efficiencies 
depend on the heat-to-power ratio (of. Table 4). For example, in the Biocycle plant 
data reported by DEFRA (2008), a thermal efficiency of 56 .1%  and an electric 
efficiency of 33 .6%  are reported. This ratio close to 2:1 is representative of small 
plants, although it would be closer to 1:1 in larger plants. Nonetheless, the ratio clearly 
depends on the particular plant design and potential use. For example, AEA 
Technology (2008, section 4.1.8) reports a 33%  electricity efficiency but only 12%  
thermal efficiency. The thermal parasitic losses of these plants are relatively high due 
to the need of heating the main tanks (of. section 5.2) and figures of 20%  (DEFRA,
2008) to 33%  (AEA Technology, 2008) are reported. Data from the Greenfinch’s AD  
plant in Ludlow (Chessire, 2006) show parasitic thermal losses of 5%  for electricity 
and 30%  for thermal. Electric parasitic losses are similar to non-CHP plants, e.g. 8 .3%  
in the Biocycle plant.
The Waste Technology Data Centre of the Environment Agency (Environment Agency, 
2006) has many other examples of anaerobic plants and their mass balances. They 
can also be found on the web pages of process suppliers (Dranco, 2006; Kompogas, 
2006; Valorca, 2006) and the reports from Associates in Industrial Ecology (2003) and 
IS W ater & Wastes (2003).
5.7 Scale, footprint and lifespan
The biggest AD plant recorded is Marsciano in Italy that treats 300,000 tpa of 
agricultural and industrial waste (lEA Task 24, 2001). Despite the lEA Task 24 group 
considering commercial plants to be those processing above 2 ,500 tpa of wastes, 
there are thousands of “home” AD systems in China, India and other countries with 
low capacities (Fulford, 1998).
Table 8  shows the number of plants, type and capacity from different manufactures 
providing a picture of the AD situation worldwide.
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Process 
System Name
No. of 
Plants
Capacity 
Range in 
tpa
No. of 
Stages
Total Solids 
Content
Operating
Temperature
< 2 0 % > 2 0 % 35°C 55°C
AAT 8 3.000 -55.000 1 X
Arrowbio 4
90.000 -
180.000 2 X
BTA 23
1 ,0 0 0 -
150,000 1 - 2 X X X
Biocel 1 35,000 1 X X
Biopercolat 1 1 0 0 , 0 0 0 X X
Biostab 13
1 0 ,0 0 0 -
90,000 1 X X
DBA-Wabio 4
6 , 0 0 0  - 
60,000 1 X X
DRANCO 17
3.000 -
1 2 0 . 0 0 0
1 X X
Entec 2 40.000 -150.000 1 X X
Haase 4
50.000 -
2 0 0 . 0 0 0
2 X X X
Kompogas 38 1 ,0 0 0 -
1 1 0 , 0 0 0
1 X X
Linde-
KCA/BRV 8
1 5 ,0 0 0 -
150,000 1 - 2 X X X X
Preseco 2
24.000 -
30.000 NA
Schwarting-
Uhde
3 25,000 - 87,600 2 X X
Valorga 2 2
1 0 ,0 0 0 -
270,000 1 X X X
Waasa 1 0 +
3.000 -
230.000 1 X X X
Table 8. Capacities and types of existing AD plants (Nichols, 2004; Rapport, Zhang et al., 2008)
Most of the high-capacity plants are centralised anaerobic digesters that process 
waste from different locations around the plant (REA, 2005). They represent one end 
of the possible range of AD systems, the other extreme being individual installations 
that just process waste from a few buildings (Fulford, 1998; Tonge, 2006).
Figure 31 represents the size distribution of existing AD commercial plants worldwide 
in 2001 with data published in the lEA Task 24 report (2008). The histogram shows 
that around 50 %  of the existing plants have a capacity under 25,000 tpa. Regarding 
the smallest plant, Buekens (2005) considered that: “For M SW  management the 
smallest digester that is still economically viable is about 50,000 tons per year”. 
However, McLanaghan (2002), suggested a minimum AD plant size of around 10,000
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tpa although the reality is that smaller plants are operating, e.g. Greenfinch in Ludlow 
with 5,000 tpa (Greenfinch Ltd., 2006). Therefore, this last figure was adopted as the 
techno-economic minimum plant capacity for AD plants.
Histogram of worldwide AD plants in 2001
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E 20 
= 10
0
4 P 4 P
n I n
4 P 4 P
Tonnes per annum
Figure 31. Capacity histogram of worldwide AO plants in 2008 with data from lEA Task 24 (2008)
It has been learnt from different projects that plant space is a scarce resource; thus 
the smaller the footprint of any system, the better. Therefore, this will be one of the 
criteria considered in the DST.
AD plants have large footprints because of the associated facilities for delivery, pre­
treatment and storage can represent an area bigger than the digestion tanks 
themselves. The following examples give an indication of the plant space 
requirements for a medium size AD facility:
• The footprint of a 20,000 tpa unit is around 3,000 m  ^ depending on the 
adjacent infrastructure e.g. handling, sorting, etc. (Szmidt, 2006).
• The Arrowbio system in Israel processes 35,000 tpa (100 tonnes a day). It 
produces around 30,000 m  ^ of biogas with 70%  to 80%  of methane and 
requires 13 workers in two 8  hours shifts (Burton, 2006). A plant double the 
size is estimated to have a footprint of around 70,000 m^
• O ’Brien (2002) suggests that 2,000 m  ^ would be sufficient for a 500 m  ^ tank 
processing 6 , 0 0 0  tpa.
Additional information on plant sizes has been gathered from W RATE’S database 
(Environment Agency, Golder Associates et al., 2007), the W TDC (Environment 
Agency, 2006) and the report prepared by Associates in Industrial Ecology (2003). The 
latter mentions land-take ratios for AD technologies between 0.02 to 0.08 hectares per 
thousand tonnes treated. However, taking into account all data, a range of 0.011 to 
0.214 hectares per thousand tonnes treated is found with an average of 0.053.
Regarding the number of full time equivalent employees per thousands of tonnes 
treated per year in an AD plant, an average value of 0.239 has been calculated with 
data from the above sources although the values range from 0.026 to 0.533.
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Finally, lifespans for AD plants are in the range of 20 to 30 years similar to other EfW 
technologies (Chackiath and Longhurst, 2005; AEA Technology, 2007; DTI, 2007).
5.8 SWOT analysis
This section describes the advantages and weak points of AD as well as the 
opportunities and threats it faces under environmental, technical and economic 
considerations.
5.8.1 Strengths
The basics of the technology are well known and AD has been used for 
centuries in China and India (Fulford, 1998).
The technology is proven for sewage sludge across the UK water industry 
(McLanaghan, 2002).
AD plants usually do not have a tall stack, just the combustion engines’ 
exhaust, so visual impact is reduced.
Greenhouse gases emissions are reduced because the energy yield displaces 
fossil fuels and because it avoids methane releases from landfills (lEA Task 24, 
2001 ; Jardine, Boardman et al., 2004) (cf. sections 11.2 and 11.4).
Artificial fertilisers used in farmland and agriculture are displaced because the 
digestate can be used instead (WRAP, 2008).
The AD process achieves an effective destruction of a wide range of 
pathogens (IS W ater & Wastes, 2003).
The volume of the waste anaerobically treated is reduced when dewatering is 
used (Valorca, 2006).
AD might not rely on source separation of waste because it could be done as a 
pre-process of the digestion (Associates in Industrial Ecology, 2003). This 
could be the case of MBT plants (cf. section 9.2).
AD plants are cheaper to build and operate than other EfW technologies (cf. 
sections 10.10 and 10.13).
If the digestate is used as fertiliser or soil improver, there is no need to dispose 
of to landfill any by-product of the process as it would be the case with the ash 
from thermal treatment (cf. sections 11.7).
5.8.2 Weakness
•  AD technology is not yet commercially proven on in the UK with commercial, 
industrial or municipal waste (McLanaghan, 2002).
•  The digestate market is not developed in the UK (Associates in Industrial 
Ecology, 2003; WRAP, 2008).
•  The biogas is an explosive gas that needs to be handled carefully.
•  The biogas contains some pollutants (e.g. sulphur, chlorine) and the digestate 
may contain harmful bacteria.
•  Unless the digestate complies with its quality protocol (WRAP, 2008), it is 
considered waste and therefore it should be handled and traded according to 
existing waste legislation.
•  There is not a unique and globally accepted quality standard for 
digestate/compost (McLanaghan, 2002). Some protocols are PAS 100 (WRAP, 
2005) and APEX (APEX Compost, 2007), but AD plants digestate is usually 
denominated “compost like output”.
•  Odour and noise can be possible nuisances, although they mainly come from  
feedstock transport.
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•  The public is not aware of AD as a technology (European Biomass Association, 
; McLanaghan, 2002).
•  Digestate usually requires additional space for aeration and storage prior to 
land application.
•  The process and the outputs are very dependent on operating conditions, e.g. 
temperature, pH, etc., that can be easily disturbed by contaminated feedstock.
•  Feedstock and slurry need to be transported, with the associated costs and 
environmental impacts, if not used locally (Anaerobic Digestion Task Group,
2009).
•  The process is slow (i.e. days or weeks) in operation and to start up and shut 
down as well as when reacting to changes to input conditions (Mata-Alvarez,
2003).
5.8.3 Opportunities
•  The landfill directive (European Commission, 1999) requires diversion of 
biodegradable waste from landfill and AD is the best suited technology for 
treating biodegradable wastes contributing to the UK’s climate change and 
wider environmental objectives (DEFRA, 2007).
AD can be easily integrated with Mechanical Biological Treatment (MBT) and 
composting in an integrated waste management system.
It is supported by the Renewable Obligation and qualifies for double ROCs (UK 
Parliament, 2009).
Many AD installations are likely to qualify under the potential feed-in tariffs 
which are one of the potential incentives discussed in section 15.3.5 and 
currently being consulted on (DECC, 2009).
The forecast increase of the landfill tax will make AD more competitive 
(Anaerobic Digestion Task Group, 2009; HM Treasury, 2009).
Waste anaerobically digested contributes toward landfill diversion targets. 
There is a considerable local authority interest in the technology and its 
applicability (McLanaghan, 2002).
Current research on chemical reaction modelling will allow improved operation 
(Pontes and Pinto, 2006).
The relatively low cost of AD, compared with other technologies (lEA Task 24,
2 0 0 1 ), places it in at advantage (cf. sections 1 0 . 1 0  and 10.13).
The use of biogas has been proven in numerous end-use applications (lEA 
Task 24, 2001).
Dual-fuel engines allow use of biogas and other fuel (e.g. diesel or natural gas) 
with minimum modification (Clarke Energy, 2006; Wartsila, 2006).
AD can produce net befits with respect to the global warming potential, 
acidification and eutrophication environmental impact categories (Cumby, 
Bandars et al., 2005) (cf. section 11.11).
Upgraded biogas could be injected into distribution gas networks to generate 
renewable heat (National Grid, 2009).
There are several programmes supporting the introduction of AD in the UK 
such as the AD Demonstration Program and a further 21 Om has been made 
available in the 2009 budget (HM Treasury, 2009).
The AD Task Group (2009) has set up a plan to encourage the deployment of 
AD plants in the UK.
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5.8.4 Threats
•  More stringent legislation could ban the treatment of some organic wastes (e.g. 
carcasses, etc.) in AD facilities or forbid the selling of some products (e.g. 
digestate to farms).
•  Digestate might have to compete with compost created by other processes.
•  Regulation applicable is not stable and has changed a lot recently, for example 
in reaction to BSE and foot-and-mouth diseases.
•  Inappropriate use of the digestate risks significant increases in acidification 
impacts (Cumby, Bandars et al., 2005).
5.9 Odour, noise and visual intrusion
AD plants usually have low profiles so they are not very visually intrusive. The highest 
elements in the plants are typically the main digestion tanks when using vertical 
digestion tanks or the buildings to cover the storage and pre-processing areas if 
horizontal tanks are used. Nonetheless, AD plants generally have large footprints, 
particularly if they are of the lagoon type.
AD plants have less moving parts than other EfW technologies; therefore, the noise 
they generate is usually minimal. However, the traffic generated by the loaded and 
empty vehicles to and from the plant, is likely to cause also some form of odour, noise 
and visual concerns.
Unfortunately, the type of waste processed in AD plants is prone to generate bad 
odours causing nuisance to neighbours. Particularly, hydrogen sulphide and ammonia 
can cause odour nuisances but they can be minimised covering the areas where 
waste is exposed and maintaining these under negative pressure but also with 
abatement treatments, e.g. biofilters or chemical treatments (Juniper, 2007; Dow  
Jones Architects and Amp, 2008).
All these aspects need to be considered by the internal stakeholders and their 
opinions will be incorporated in the DBT results through the scoring and weighting (of. 
section 1 2 ).
5.10 Current technology situation and future evolution
According to data compiled by Coggins et al. (2009) and with data from (AEA 
Technology, 2008), “there were 23 AD plants generating electricity in the UK in May 
2008, most taking animal slurries, two taking household food waste and two taking 
food processing wastes”. In 2007, “planning approval was in progress for a further 25  
plants using farm waste and 36 designed to take farm waste with other feedstocks”. 
Waste water AD plants number over 1,000 and treat 6 6 % of the sewage sludge in the 
country although it is still “underdeployed” (DEFRA, 2007). Just recently, on July 2009, 
the UK’s largest AD plant proposed to be located at Belby Renewable Energy Park in 
North Yorkshire received planning permission. The plant will cost £20m and generate 
8 MWe with a design capacity of 165,000 tonnes of food waste a year (Belby 
Renewable Energy Park, 2009).
In Europe, Germany is the leading country on biogas with 11,400 GWh of electricity 
generated each year by the more than 3,500 AD plants and 1,500 M W e installed 
(Denecke, 2009). Many of these plants have been built since 2004 when the 
Renewable Energy Act established a stable framework for 20 years with feed-in tariffs
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for renewable energy generators, including biogas. This legislation has just recently 
been minimally revised in the Renewable Energy Act 2009 (German Parliament, 2009).
In Denmark, there are two main types of biogas plants, around 20 centralised biogas 
plants treating farm manure as well as industrial and household waste and selling 
biogas to local CHP plants and around 60 local farm AD plants. The efficiency of 
biogas use is currently about 30%  in the form of electricity and 35%  in the form of 
heating (Energy Map, 2009).
Switzerland had 13 AD facilities for the OFMSW , a further 300 that treat sewage 
sludge, out of which 55 co-digest other wastes, and 20 plants digest industrial effluent 
wastes in 2006 according to ISWA (2006). Many of these plants were manufactured by 
Kompogas and their operation costs have been reduced by improved design and 
operation experience as reported by Edelmann et al. (2005).
Very small-scale plants have existed for centuries in China and India for digesting 
green and food wastes as well as domestic animal manure. These systems are far 
cheaper and simpler than the industrial ones that are likely to be used in the West; 
however, they reflect the viability of such micro-scale systems that produce biogas for 
cooking by processing waste from typically micro-farms and single families (Fulford, 
1998).
The best known plants in the UK are the South Shropshire Greenfinch (now 
BiogenGreenfinch) digester and the Holsworthy plant in Devon. The former was visited 
in December 2006 and has a design capacity of 5,000 tpa of kitchen and green waste. 
At full load, it is estimated to produce 1,480 m® of methane per day in summer and 
810 m  ^ in winter. This plant was built as a result of the experience gained from a pilot 
plant operated from October 1999 to April 2001 processing waste from 1,500  
households (Greenfinch Ltd., 2006). The lessons learnt from the planning, design, 
building, commissioning and operation of the plant are reported by Greenfinch’s 
director Michael Chessire (2007) who plans to use the experience to build many more 
plants in the UK.
The Holsworthy plant in Devon (Energy Systems Research Unit, 2004; Cumby, 
Bandars et al., 2005; AnDigestion, 2008) is the biggest operating AD plant in the UK, 
designed to process 146,000 tpa of waste comprising 57%  farm slurry, 19%  blood, 
11%  food waste, 8%  chicken manure and 5 %  other non-farm wastes. On average, 
these inputs produce 10,085 mVday of biogas and the plant has an electric gross 
production of 1.3 M W  of which 10%  is consumed parasitically for the plant operation. 
A schematic of its operational diagram is shown in Figure 32.
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Figure 32. Holsworthy biogas plant diagram (Prior, 2007)
Additional AD case studies could be found in the Waste Technology Data Centre of 
the Environment Agency (2006), when it was operative, and in the revision of the 
waste technologies carried out by Associates in Industrial Ecology (2003) and 
McLanaghan (2002). These sources mention capex and opex for AD plants and other 
technologies that are Incorporated into the economic model (cf. section 10).
The outlook of AD in the UK improved when for the first time it was highlighted and 
favoured to help deliver the targets of the England waste strategy (DEFRA, 2007) and 
the biomass strategy (DEFRA, DTI et al., 2007) reinforced this position. A roadmap on 
AD evolution was created so that “by 2020 anaerobic digestion will be an established 
technology in this country, making a significant and measurable contribution to our 
climate change and wider environmental objectives” (DEFRA, 2007). More recently, 
210m was offered through WRAP in 2008 to fund three to six plants under the AD  
Demonstration Program (WRAP, 2008). In the 2009 budget (HM Treasury, 2009 474), a 
further 210m was announced to support businesses to deliver AD.
In addition. National Grid (2009) has established a pilot project to upgrade biogas to 
the required standards to inject it in gas distribution pipelines. They estimate that 
biogas could provide between 15%  and 48%  of the UK’s domestic gas needs, 
equivalent to 5%  to 18%  of the UK’s total gas demand. They also estimate the cost of 
establishing the necessary infrastructure would be 230 billion albeit two thirds of it 
would be required anyway to compensate for the diminishing landfill capacity. Their 
analysis indicates that producing and injecting pipeline quality renewable gas would 
cost on average 2100/M W h.
In summary, there are just a few commercial AD plants operating in the UK on non­
farm waste or sewage sludge, but the number is bound to increase significantly given 
the strategic guidance recently established. Furthermore, the guidance is supported 
by funding proposals and by potential new opportunities that should overcome the 
current barriers and allow the UK to reach leading positions in the number of AD  
facilities built.
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6 Technology analysis. Incineration__________________
This section describes waste incineration technology, its inputs, outputs and key 
operating parameters as well as the different types of existing systems. A SW OT  
analysis is also presented with some case studies and a summary of capacities, costs 
and efficiencies.
“Mass burn incineration” or incineration for short, is usually referred to in the literature, 
reports and conferences as “energy from waste”. However, in this research, the term 
“energy from waste” (EfW) has been used generically for all technologies capable of 
extracting any form of energy from discarded material.
Incineration is an exothermic, i.e. releases energy, chemical reaction involving the 
oxidation of the chemical elements of waste, mainly hydrogen and carbon. Adequate 
combustion is ensured by supplying air above the stoichiometric requirements and 
energy is recovered in large steam generating boilers from the hot gases released. The 
steam is usually expanded in a turbine connected to an electric generator to produce 
electricity, although it can also be used in DH networks to deliver heat.
Incineration was well established at the beginning of the twentieth century as the 
following quote reflects: “By 1914, 338 refuse incinerator plants had been constructed 
in Great Britain with 225 of these having the refinements of boilers for waste heat 
recovery.” (Clennel and Lowe, 1983). In the second half of the century, technology 
evolved, e.g. “In the late 1960s, the first modern moving grate incinerator opened in 
Tyseley near Birmingham on an experimental basis with the first two operational 
plants in Middleton and Sutton Coldfield opening in 1968” (Burnett and Gulley, 1994). 
There was a big growing period in the 1960 and 1970; however, with landfill costs in 
old mines and quarries being ten times cheaper than incineration with heat recovery 
(Burnett and Gulley, 1994) and operational problems arising in some plants the 
number of plants stalled. Only in very few locations with large DH schemes or with 
government funding, it was possible for incineration to compete with landfilling and 
unfortunately, the situation does not differ greatly from today’s. More recently, the 
introduction of the Waste Incineration Directive (WID) (European Commission, 2000) 
that limited contaminant emissions from waste incineration plants forced several 
installations to close down or retrofit expensive clean-up equipment (The Environment 
Council, 2004).
6.1 Classification
Incineration systems can be classified according to the design of the combustion 
hearth and the reactor (Biffa, 2003) with the most common types being: moving grate, 
rotary kiln and fluidised bed (DEFRA, 2007). Case studies of each of these types and 
detailed descriptions have been collected by CIW M (2003).
Figure 33 shows a moving grate schematic. Inside a fixed combustion chamber, the 
moving grate tumbles the waste to ensure optimum combustion while conveying it 
towards an ash disposal mechanism at the end of the chamber. Almost any type of 
waste, moisture and particle size with calorific values (CV) above 7 M J/kg (Rand, 
Haukhol et al., 2000) can be fed to these systems making them very versatile.
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Figure 33. Moving grate schematic (Global Environment Centre Foundation, 2007)
A rotary kiln is basically an inclined rotating chamber, where waste is fed into one end 
and after a proper combustion, ash is discharged and quenched on the opposite end. 
The movement, that can be continuous or oscillating, breaks up the combusting 
wastes and the speed of rotation determines its residence time in the kiln. Rotary kiln 
are suitable for all types of waste and are widely used in the cement industry. 
Sometimes, these types of incinerator require a secondary combustion chamber to 
achieve the temperature and residence times required by legislation. Figure 34 shows 
the schematic of a rotary kiln incinerator.
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Figure 34. Rotary kiln schematic (Joseph Egli AG, 2007)
Finally, fluidised bed incinerators consist of a bed of sand or a similar inert material 
contained in a chamber. The bed is brought to a fluidised state by the flow of primary 
combustion air. Waste is introduced into the bed where it is efficiently dispersed. Pre­
heating systems are used for start-up, but in steady state the reaction is self-sustained 
and extra heat is extracted, usually to raise steam. Fluidised bed systems can be 
identified according to the type of movement inside the bed: bubbling, turbulent or 
circulating. These systems achieve very high heat transfer rates and are more
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compact than moving grates (Yassin, Lettieri et al., 2005). They usually require smaller 
air pollution cleaning (APC) equipment when compared with moving grate designs 
(McLanaghan, 2002). However, they usually require homogeneous fuel particle sizes 
so they are best suited for pre-treated waste, e.g. RDF, or liquid fuels like sewage 
sludge (The Environment Council, 2004). Figure 35 shows a fluidised bed chamber.
Waste
Castable refractory 
Sand circulation 
Double partition
In-bed superheater 
Heat absorption cell
Combustion cell
In-bed evaporator
Heal absorption cell
Figure 35. Fluidised bed schematic (Global Environment Centre Foundation, 2007)
Although most incinerators use moving grate designs, fluidised bed designs are 
becoming more popular and rotary kilns are used mainly for hazardous and industrial 
wastes (Juniper, 2000; The Environment Council, 2004). With regards to scale, moving 
grate and fluidised bed compete at the ‘large end’ of the market, i.e. over 125,000 tpa  
whereas oscillating beds or rotary kilns tend to be used on smaller throughputs 
(Environment Agency, 2006).
6.2 Process
Some incineration plants accept liquid fuels but the most common type is designed 
for solid fuels and is described here. At the forefront of an incineration plant, there is a 
bunker where fuel, e.g. unprocessed residual municipal, commercial or industrial 
waste, RDF, etc. is stored. A crane is used to feed it into a hopper. The crane is 
operated by a skilled technician who needs to achieve some homogeneity in the 
feedstock properties, e.g. moisture, CV, etc. from a usually heterogeneous 
combination of wastes. At the end of the process, a stack is used to disperse the flue 
gases back into the atmosphere.
Feedstock is introduced into the combustion chamber usually by a ram or a conveyor 
screw that also acts as a seal to prevent burn-back and to guarantee air tightness. 
Regardless of the type of combustion chamber, e.g. moving grate, rotary kiln or 
fluidised bed, the fuel usually undergoes a progressive increase in temperature until it 
reaches the combustion zone where temperatures are at their highest. All volatile 
components are evaporated and oxidised, releasing energy that heats the incoming
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air and fuel thus making the reaction self-sustainable under steady conditions. Hot 
gases pass through energy recovery equipment, e.g. boilers and heat exchangers 
where they are cooled, and through cleaning equipment where suspended particles 
and hazardous chemical compounds are removed prior to being exhausted through 
the stack. The necessary air for the combustion is introduced in the combustion 
chamber by powerful fans that suck air from the bunker in order to prevent any odour 
release. Bottom ashes, i.e. fuel residues and other solid outputs, are usually disposed 
to normal landfills, after recyclable metals have been extracted, or used as filling 
material such as aggregates (Ballast Phoenix Ltd., 2009) (of. appendix VIII). In some 
circumstances, they may have a high concentration of heavy metals or poor 
leachability properties in which case they need to be sent to special hazardous landfill 
sites.
Heat recovery equipment consists of tubes located around the top of the combustion 
chamber and across the hot gas exhaust path in order to exchange heat by radiation 
and convection with the fluid, usually water, which flows through the tube side. W ater 
is converted into high-pressure steam in the boiler and expanded in a turbine that is 
usually coupled with an electric generator to produce electricity, and finally condensed 
and recirculated again in a closed loop.
ARC is used to clean exhaust gases. It consists of various type of equipment with 
specific purposes to limit plant emissions like electrostatic precipitators and 
scrubbers. Inside electrostatic precipitators, particulate matter is electrically charged 
and deflected by an electric field into a collector. Acidic gases are removed with 
scrubbers, which can be dry, semi-dry or wet, most commonly exhaust gases pass 
through a chamber where hydrated lime is sprayed to react with acid species in the 
gas. Other systems intended to limit emissions of particulate matter are cyclones and 
filter bags and electrostatic precipitators (CIWM, 2003; Vehlow, 2006).
Many of these elements can be seen in Figure 36 and Figure 37, particularly the ARC 
equipment of the three parallel lines in Madrid’s RDF fluidised bed incinerator.
Figure 36. RDF fluidised bed incinerator Madrid (Gil Diez, 2006).
6.3 Schematic
An incineration plant can be represented by three main blocks and some ancillary 
equipment like fuel and ashes storage, ash quenching, etc. They are:
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•  combustion chamber;
•  energy recovery system; and
•  clean-up equipment.
Vehlow (2006), in his article describing the incineration state of the art, described each 
incineration subsystem with detail. Although the combustion chamber can be of one 
of the three types described in section 6 .2 , the remaining elements of the plant are 
relatively standard. Figure 37 showed a schematic drawing of an incineration plant 
with the combustion chamber, energy recovery and ARC equipment.
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Figure 37. Conceptual diagram of a typical Incineration Piant (Global Environment Centre 
Foundation, 2006).
6.4 Operating Parameters
The main operating parameters of incineration plants are temperature, e.g. peak and 
distribution along the process, residence time, fuel-oxygen mixing, heat transfer rate 
and emissions. They can be controlled by tuning excess air, fuel mixture, etc. which in 
turn mean more turbulence, better mixing, appropriate heat generation, and good 
combustion throughout the grate but are mainly fixed by design (The Environment 
Council, 2004; Roberto Vogel, 2007).
Emissions from incinerators are tightly legislated by the WID legislation (2000/76/EC) 
(European Commission, 2000) (of. Table 5) and can be reduced by an adequate 
combustion chamber design and in operation with adequate ARC and by controlling 
the forced draught fan speed to regulate the amount of excess air introduced in the 
furnace. For example, if too much air is introduced, the temperature of the furnace 
may drop and the ARC will be overloaded by higher flow rates reducing its efficiency.
Residence time of the flue gases in the combustion chamber must be over two 
seconds and at a temperature above 850 °C, as defined in the WID in order to prevent 
formation of pollutants, particularly dioxins, and/or to destroy them. This temperature 
needs to be 1,100 °C if hazardous waste is used as fuel. Another limit imposed by WID  
is that the total carbon content of the ashes or slag should be under 3%  of the dry
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weight of the material in order to ensure appropriate combustion conditions and 
proper energy recovery.
Another important operating parameter is the heat transfer rate from the flue gases to 
the water in the boiler to raise steam. This heat exchange process should be 
optimised to raise steam to generate electricity and/or heat. The more steam raised 
and the higher its pressure and temperature, the higher the system’s energy output 
and efficiency. However, existing materials properties, quantity and velocities of 
suspended particulate matter, gas condensation, etc affect the design of the boiler 
and cause corrosion and fouling in its tubes limiting the heat transfer rate (Goerner, 
2003). During operation, accumulation of deposits can create a barrier between the 
hot gases and the water in the boiler tubes that deteriorates heat transmission and 
needs to be periodically cleaned either with the boiler on-line, e.g. soot blowers and 
rapping gears, or during shutdown and maintenance periods by manual methods 
(Roberto Vogel, 2007). Other negative effects due to fouling described by Simon
(2006) are: reduction of operating lifetime, loss of production, and increased repair 
costs.
6.5 Inputs and Outputs
Composition and CV of wastes treated in incineration plants varies not only from plant 
to plant but also through the year in the same plant (Goerner, 2003). This variability 
affects the plant’s operation in a similar manner as different organic feedstocks 
influence biogas production on AD plants. Therefore, data on energy efficiencies, etc. 
presented in the following two sections, and in the equivalent sections of the other 
thermal EfW technologies, can only be considered approximate.
Fuel needs to be characterised by its chemical, physical and thermal properties. The 
report “Thermal methods of municipal waste treatment” by Biffa (2003) contains 
information on this issue and so does the waste database in WRATE (Environment 
Agency, Golder Associates et al., 2007). Nevertheless, great variability has to be 
expected due to different waste sources and possible mixes and pre-treatments.
Incineration plants can be designed for fuels with very restrictive specifications, e.g. 
refuse derived fuel (RDF) with a fixed CV between 14 MJ/kg and 18 MJ/kg and limits 
on certain components, e.g. chlorine (McLanaghan, 2002; BERR, 2006; DEFRA, 2007; 
Yassin, 2008). Alternatively, other plants accept feedstocks with less strict 
specifications, e.g. raw M SW  within certain limits of moisture and CV between 9 and 
11 MJ/kg (BERR, 2006; DEFRA, 2007; BERR, 2008). These options usually present 
trade-offs on efficiencies, capital and operational costs, fuel supply reliability, clean-up 
equipment, etc. (Institute for Prospective Technological Studies, 2005). There is no 
single solution to fit all scenarios; hence, when selecting an incineration technology it 
is necessary to consider the quantity and quality of the inputs and outputs, the 
potential use of the latter and to allow for some variation of these factors.
Apart from the fuel, an amount of air, usually between 1.2 and 2.5 times the quantity 
required for a stoichiometric combustion, is blown inside the combustion chamber to 
guarantee proper oxidation (Institute for Prospective Technological Studies, 2005).
Incineration flue gases, after fully oxidising the fuel, are mainly composed of: water 
vapour, nitrogen, carbon dioxide and oxygen. Depending on the combustion 
conditions and on the fuel composition, smaller quantities of pollutants such as 
carbon monoxide, halogenated compounds, nitrogen and sulphur oxides and 
minimum quantities of volatile organic compounds, dioxins and heavy metals can also 
be present (Institute for Prospective Technological Studies, 2005). Nonetheless, the
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W ID (European Commission, 2000) specifies the maximum emissions of each type of 
pollutant (of. Table 5).
Waste water from an incineration plant can contain a wide range of contaminants 
requiring careful treatment and appropriate controls (Institute for Prospective 
Technological Studies, 2005). Plants with wet scrubbing systems generate the higher 
quantities of liquid effluent (Vehlow, 2006).
Finally, solid residues are also produced. On average, incineration reduces the volume 
of waste by 90%  and between 70%  and 80%  its weight (Chackiath and Longhurst, 
2005; AEA Technology, 2007; DEFRA, 2007). These residues are classified as bottom  
ash, e.g. slag that flows from the bottom of the combustion chamber, and fly ash, e.g. 
suspended matter in the hot flue gases that is captured in the scrubbers, filter bags 
and/or electrostatic precipitators. The former, usually contains a large fraction of the 
inorganic compounds in the feedstock including a large proportion of ferrous and non- 
ferrous metals (Vehlow, 2006) that can be recovered from the ashes before disposal or 
reuse (DEFRA, 2005). Its carbon content is limited to 3%  of the total mass by law to 
ensure an adequate combustion (European Commission, 2000). Conversely, fly ash 
mainly contains non-recoverable heavy metals and the remaining inorganic part of the 
fuel as well as chemical compounds used in the clean-up equipment. Therefore, it 
needs to be disposed to hazardous landfills depending on the limits set by local 
regulations on leachability, contaminants levels, etc.
Incinerator bottom ash is covered by a WRAP protocol (WRAP, 2008) that clearly 
states when it ceases to be waste and therefore when it can be sold as any other 
material (of. appendix VIII), to be used as aggregates for roads, landscaping, landfill 
covers, etc. thus improving the plant's economic balance. A brief overview of ash 
composition and current international reuse practices was produced by Chan et al.
(2005). In the UK, Ballast Phoenix (2009) is the largest company processing bottom  
ash and the CIWM (2003) has published some case studies on bottom ash reuse.
Finally, regarding energy flows, the chemical energy contained in the waste is 
transformed to thermal energy in the form of hot exhaust gases as described in 
section 6.2. These hot gases can be used to raise steam and/or hot water that could 
be used directly, e.g. in DH networks or as process heat, or as an intermediate step to 
produce electricity by a turbine. A brief overview of the chemical reactions between 
different compounds present in the waste and the air can be found in general 
chemistry text books, but Biffa (2003) presents a good summary of them in the EfW 
context. There is always a parasitic loss in the plant because some of the energy, 
either heat or electricity, required for its operation. Furthermore, during start-up and 
shutdown periods, and in some rare conditions, e.g. to maintain temperatures in the 
combustion chamber with low CV fuels, extra energy can be required in the form of 
gas or diesel.
6.6 Energy benchmarks and mass balances
Typical values of bottom ash outputs range between 2 0 %  and 30%  of the total plant 
input whereas fly ash accounts for between 2%  and 6 % (Chackiath and Longhurst, 
2005 ; Institute for Prospective Technological Studies, 2005; AEA Technology, 2007; 
DEFRA, 2007). From the bottom ash, between 2%  and 5%  of the feedstock can be 
recovered as recyclable metals (Jacobs Babtie, 2006; Jacobs Babtie, 2006; AEA 
Technology, 2007). Finally, in order to complete the mass balance picture, air in 
excess of the stoichiometric requirements is introduced and after oxidising the fuel 
exits the system through the stack. Other minor inputs and outputs are additives for 
clean-up equipment, e.g. scrubbers, and their effluents.
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The Environment Agency’s Waste Technology Data Centre (Environment Agency,
2006) and the "Thermal methods of municipal waste treatment” report from Biffa 
(2003) have published more mass and energy balances for some case studies. 
Nonetheless, a detailed analysis of the mass inputs and outputs is incorporated in the 
environmental analysis (of. sections 1 0  and 1 1 ).
Figure 38 shows a detailed mass balance of an incinerator using refuse derived fuel:
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S o lid s 3 3 0  kg
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Bottom  ash 3 0 0  kg
Boiler ash 5 kg
Boiler clinker 0.1 kg
Filter ash 20  kg
P articu lates 0.01 kg
Figure 38. Detailed mass balance of an incineration process (Biffa, 2003)
Energy efficiency figures are usually referred in the literature to the total thermal input 
to the process, i.e. the amount of waste multiplied by its low CV. However, given the 
feedstock variability discussed before, they can only be considered indicative.
The efficiency of an incinerator is limited by three restrictions. Firstly, the 
thermodynamic efficiency of the boiler, which is dictated by hottest temperature, 
typically 1,200 °C, and the rejection temperature slightly above ambient temperature. 
These two temperatures impose the theoretical maximum efficiency and it is limited to 
around 6 8 % . Secondly, the heat exchanger, i.e. boiler, reduces the efficiency to 
around 40%  and finally, mechanical loses, electric generation efficiencies and in-plant 
energy use, further limit the efficiency of the whole system to around 25%  according 
to Biffa (2003).
Fichtner (2004) quotes gross electric efficiencies for an incinerator of 26%  but 12%  of 
this electricity is the plant parasitic load; hence the net efficiency is around 23% . 
DEFRA (2005) quotes net energy efficiency of an incineration plant that uses a steam  
boiler and a turbine is in the range of 19 to 24% . A report by the CIW M (2003) quotes 
a figure of 500 kWh^ of energy per tonne of M SW  which is equivalent to around 20%  
efficiency assuming a CV of 9.5 MJ/kg. For CHP incinerators, electricity efficiencies 
are slightly lower than for electricity only plants (DEFRA, 2007; SLR Consulting Ltd., 
2008). These values have been used in the economic model (of. section 10.8).
Finally, with data from DEFRA (2007) and a report by AEA Technology (2008), an 
indicative gross efficiency of some of the current and proposed incineration plants in 
the UK is shown in Table 10 ranging from 16%  to 38%  with an average value of 24% . 
Nonetheless, these figures may be higher than the reality because they have been
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worked out assuming 8,000 hours of operation per annum (of. section 10.5.6) and a 
CV of 9.5 MJ/tonne for all plants that might not be accurate for all of them but at least 
provides an indication of possible gross electric efficiencies. Moreover, parasitic 
losses described below should be sustracted from these gross efficiencies to estimate 
actual net energy efficiency.
Plant name
Plant design 
capacity in 
1 , 0 0 0  tpa
Electricity
generation
MWe
Electricity 
per tonne 
kWh/tonne
Gross
electric
efficiency
Allington Quarry, Maidstone 500 40 640 24.3%
Baldovie, Dundee 1 2 0 8 533 2 0 .2 %
Bolton 130 1 0 615 23.3%
Chineham, Basingstoke 90 8 711 26.9%
Coventry 250 17.7 566 21.5%
Dudley 90 6 533 2 0 .2 %
Eastcroft, Nottingham (CHP) 150 19 1013 38.4%
Eastcroft, 3'^ '^  line 1 0 0 8 640 24.3%
Edmonton 600 32 427 16.2%
Isle of Man 60 6 800 30.3%
Kirklees, Huddersfield 136 1 1 647 24.5%
Lakeside, Colnbrook 400 32 640 24.3%
March wood 165 14 679 25.7%
Newlines, Grimsby (CHP) 56 3 429 16.2%
Portsmouth 165 14 679 25.7%
Riverside, Belvedere 585 70 957 36.3%
SELCHP 420 30 571 21.7%
Sheffield (CHP) 225 17 604 22.9%
Stoke on Trent 2 0 0 13 520 19.7%
Teeside 250 2 0 640 24.3%
Teeside 3"^  line 125 1 0 640 24.3%
Tyseley 350 25 571 21.7%
Wolverhampton 1 1 0 8 582 2 2 .0 %
Table 9. Energy efficiency of incinerators in the UK with information from DEFRA (2007) and AEA 
Technology (2008).
Similar high gross efficiencies of 31 and 32%  can be achieved with higher steam  
pressures and temperatures of up to 500 °C and 90 bar or by reheating the steam after 
one pass though the turbine. Nonetheless, these plants also have higher parasitic 
loads (Schafers, 2006).
A report by SLR Consulting (2008) on costs of incineration and non-incineration EfW 
technologies estimates electricity parasitic losses in incineration plants between 1 2 %  
and 15% . Similarly, data from project Integra (2008) show that typically, about 10%  of 
the electricity produced is used in running the systems within the plant which matches
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data on WRATE'S process database (Environment Agency, Golder Associates et al.,
2007) with parasitic losses of 13.2% . These figures are between the lower bound 
figures of 5 .5%  are quoted by Yassin (2008) and 6 % according to Livingston (2002) 
and the higher bound figures of up to 20%  quoted in the reference document of BAT 
technologies (Institute for Prospective Technological Studies, 2005 ,p .196).
Regarding thermal parasitic losses, extreme values of 2%  to 4%  but up to 30 .8%  
depending on the incinerator type can be calculated with data from the reference 
document of BAT technologies (Institute for Prospective Technological Studies, 
2005,pp. 284 and 285), whereas a 15%  for plants manufactured by VonRoll is quoted 
by Livingston (2002).
Thermal efficiencies between 48%  and 58%  can be achieved in CHP incinerators 
processing waste with a CV of 9.2 MJ/kg, but higher efficiencies of 80%  and 90%  are 
reported for heat only.
Efficiencies can be achieved with heat only incinerators (Institute for Prospective 
Technological Studies, 2005). The few CHP incineration plants in the UK are optimised 
to generate electricity and have very low thermal efficiencies because they heat 
demands are. According to WRATE’s process database (Environment Agency, Golder 
Associates et al., 2007), Coventry has a thermal efficiency of 11.9%  and Grimsby of 
13.5% . Other sources quote French plants’ figures between 24.5%  and 35.7%  
(Institute for Prospective Technological Studies, 2005 ,p. 197). In any case, a large 
thermal efficiency variability can be expected given the flexibility of design that CHP  
plants have depending on the heat demands they need to supply.
6.7 Scale, footprint and lifespan
According to Assurre (2001) and Stengler (2005), the average unit capacity of 
incinerators in Europe is between 150,000 tpa and 180,000 tpa and they are heavily 
utilised. Incinerator capacities vary from small plants in Norway to very large plants in 
the Netherlands as Figure 39 shows.
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Figure 39. Average incineration plant size per European country (Stengler, 2005).
Data from the Institute for Prospective Technological Studies (2005) shows that 
moving grate incinerators have the largest capacities and rotary kiln the smallest.
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Nonetheless, some of these types can be arranged into parallel lines hence increasing 
the plant capacity and incorporating resiliency in the design.
The smallest commercial incineration plants have design capacities of around 60,000  
tpa (Rand, Haukhol et al., 2000; Tomberlin, 2006) although smaller facilities are built 
particularly in islands, e.g. the isles of Wight, Man, Shetlands. This limit seems to be 
related to economic factors and availability of clean-up equipment and therefore, it 
has been adopted like the techno-economic limit of incineration plants.
For small-scale incineration, a facility of 80,000 tpa, would require around 30,000 m  ^
of land whereas in 50,000 m  ^ a facility treating around 250,000 tpa could be located 
(O’Brien, 2002; Tomberlin, 2006). Nonetheless, information from the WRATE database 
(Environment Agency, Golder Associates et al., 2007) and the old W aste Technology 
Data Centre (Environment Agency, 2006) as well as reports by AEA Technology (2007;
2008) and Wheeler (2002) has been used to calculate a footprint to capacity ratio. An 
average ratio of 0 . 0 2 1  hectares per thousand of tonnes of design capacity has been 
found whereas the extreme values were 0.053 and 0.005.
Using information from the WRATE database (Environment Agency, Golder Associates 
et al., 2007) and data from other sources (Chackiath and Longhurst, 2005; AEA 
Technology, 2007; DTI, 2007) the lifespan of incineration plants can be expected to be 
around 30 years. This is confirmed by the Edmonton, Coventry and Nottingham  
incinerators that are still in operation after more than 30 years.
Finally, with information from the above mentioned sources, the average number of 
full time equivalent employees per thousands of tonnes treated in an incineration plant 
has been calculated as 0.316 but the figures found range from 0.200 to 0.730.
6.8 SWOT
This SW CT analysis has been carried out taking into account environmental, technical 
and economic criteria of incineration plants.
6.8.1 Strengths
•  Incineration is a proven technology. In the document “Renewable supply chain 
gap analysis” (DTI, 2004), incineration is considered as a mature technology 
and classified as a technology with a stable design and partly as a bespoke 
product. Moreover, high availability (> 8,000 hours a year) makes it easily 
“bankable” (McLanaghan, 2002);
•  M SW  is already collected as part of local authority duties; hence the gate fee 
paid by local authorities for the disposal of the waste provides guaranteed 
revenue improving the economics of projects (DTI, 2004);
•  Electricity generated by incineration facilities is non-intermittent (DTI, 2004); 
and
•  Combustion reduces the volume of waste by approximately 90%  and the 
remaining inert bottom ash residue can be used in road building or landfill 
construction, thus reducing the need to quarry new materials. (Rand, Haukhol 
et al., 2000; McLanaghan, 2002).
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6.8.2 Weakness
•  There is strong public opposition in the Anglo-Saxon countries to incineration 
plants, which can lead to lengthy planning processes which in turn affects 
investor confidence (Crummack, 2002; DTI, 2004);
•  Large scale plants have usually very high visual and local traffic impacts hence 
increasing public opposition (McLanaghan, 2002);
•  The thermodynamic efficiency of the cycle is limited by the maximum  
temperature of the steam of around 400 °C;
•  There are residues that need to be disposed to landfill, if no market is found for 
them, or even to controlled landfills if deemed hazardous;
•  Heterogeneous fuel leads to unpredictable emissions hence expensive end-of- 
pipe cleaning solutions are required in incineration plants. Moreover, fuel pre­
treatment is desirable to prevent batteries or electronic scrap from going 
through the plant (Assurre, 2001 ; McLanaghan, 2002);
•  They need a reliable supply of waste for a long period, up to 25 years, and with 
constant calorific value and composition (Rand, Haukhol et al., 2000; 
Crummack, 2002);
•  Heavy investment in flue cleaning equipment is required because of the excess 
of air required for proper combustion and the composition of the M SW  that 
includes sulphur, chlorine and heavy metals. This also makes the combustion 
chamber a very harsh environment and can create operational problems such 
as boiler tube fouling (McLanaghan, 2002; Environment Agency, 2006); and
•  The capacity of a plant is not usually limited by mass throughput but by the 
maximum heat transfer in the boiler; hence a change of the feedstock’s CV  
may reduce the plant’s weight throughput (Environment Agency, 2006; 
Hession, 2006).
6.8.3 Opportunities
•  The Landfill Directive will encourage waste to be diverted from landfill to other 
disposal options.
•  The Landfill Allowance Trading Scheme, is a financial tool that will help to 
divert waste from landfill hence promoting recycling and EfW (DTI, 2004);
•  Incineration plants provides high long-term and skilled employment (Rand, 
Haukhol et al., 2000; DTI, 2004);
•  High energy prices and political instabilities mean low energy supply security. 
Conversely, waste incinerators with energy recovery using local fuels and 
produce energy reliably contribute to the security of supply (Rand, Haukhol et 
al., 2 0 0 0 );
•  The incineration process offers a “one stop shop” for all residual wastes that
need not to be pre-treated elsewhere before arriving the plant as it is usually
the case for gasification and pyrolysis plants (Environment Agency, 2006);
•  For both hazardous and non-hazardous wastes disposed to landfill, a tax has 
been applied since 1996 when it was 27/tonne. The Chancellor announced in 
the 2007 budget (HM Treasury, 2007) that landfill tax will rise by £ 8  per tonne 
per year from the £24/tonne in 2007, making it £32/tonne in 2008 and so on 
until at least 2 0 1 0 / 1 1  and this increase is making incineration more competitive 
than landfilling.
6.8.4 Threats
•  On-going public opposition may pose significant barriers to additional 
incineration plants;
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•  Increases in waste recycling would reduce the amount of waste available as 
fuel for the plant and could be competing with other objectives like recycling 
targets, etc. (DTI, 2004);
•  If the scale of a plant is much bigger than strictly required, perhaps driven by 
economies of scale or other factors, there may be some competition for 
feedstock thus discouraging recycling (McLanaghan, 2002; DEFRA, 2005; 
Dawber, 2006; Audit Commission, 2008);
•  Changes in waste composition could potentially reduce its CV, affecting the
efficiency and the economics of the incineration plant;
•  The environmental legislation may be more stringent in the future increasing
capex and opex of incineration plants (McLanaghan, 2002; DTI, 2004);
•  Uncertainty over the future market size could threaten investment decisions 
(DTI, 2004);
•  Availability of landfill as the main disposal route for waste in the UK and with 
the lowest cost will refrain companies from investing in incineration plants at 
least until costs are equal. This is expected in 3 -4  years time with another 2-3  
years for planning and building the plant (Jones, 2006);
•  Stakeholders, e.g. waste management companies, legislators, society, etc., do 
not have a common interest that drives them all together (Rand, Haukhol et al., 
2000);
•  Power generated by incineration of the biogenic fraction of the M SW  is not
subject to ROCs (McLanaghan, 2002; DTI, 2006); and
•  Give the current minimum size of incineration facilities, e.g. 60,000 tpa, some 
opportunities are missed in smaller communities and the proximity principle is 
sometimes overlooked (Acton and Hogg, 2001).
6.9 Odour, noise and visual intrusion
Incineration plants are usually very intrusive because of their stacks and local traffic 
impacts and attract public opposition (McLanaghan, 2002). Moreover, they tend to 
have larger design capacities than other EfW technologies hence they are bigger and 
have larger footprints that also contribute negatively to their visual integration with the 
surroundings. The stack height and location are determined by technical aspects, but 
also by legislation, primarily the Clean Air Act 1993 (UK Parliament, 1993) and 
planning requirements.
$9
Figure 40. Spittelau (Viennam om , 2007) and Isle of M an (SITA, 2008) incinerators
Nonetheless, sometimes, the apparently intrusive design of incinerators can be turned 
into an iconic outstanding design such as the Spittelau and Isle of Man incinerators 
shown in Figure 40.
Odour from the plant is relatively low under standard operating conditions because of 
the negative pressure in the refuse bunker that prevents smell from leaking out and
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causing nuisance. An exception to this are plants using flue gas treatment systems 
fitted with selective non-catalytic reduction systems. These systems could emit 
ammonia aerosol with a strong odour (CIWM, 2003). Mitigation measures such as 
sealed doors, regular cleaning and limited waste storage may help to reduce odour 
problems (Dow Jones Architects and Arup, 2008). Another potential odour source are 
the vehicles delivering waste to the plant that are more difficult to prevent and 
mitigate.
Finally, noise from the plant would come mainly from mechanical equipment and fans 
(CIWM, 2003). Luckily, it can be minimised by enclosing most of the moving 
mechanical elements within a building. However, heat-dissipating equipment, e.g. 
cooling towers, and traffic movement are sources of noise difficult to control.
As mentioned in section 5.9, these aspects would need to be considered by internal 
stakeholders and their preferences would be integrated in the DST’s results through 
the scoring and weighting phases.
6.10 Current technology situation and future evolution
Table 10 showed the list of current incineration plants in the UK and one of them was 
visited during this research.
SELCHP
(London)
Stack
Ash treatment and bunker 
Heat recovery
boilers Cleaning equipment; 
Scrubbers and Filter bags
Tipping Hall and combustion
chamberbunker
Electric Gear and 
turbine
Figure 41. C onceptual diagram  of SELCHP (2006)
The South East London Combined Heat and Power (SELCHP) plant located in 
Deptford and well integrated within the built environment. It is capable of handling
420,000 tonnes of M SW  per annum coming mainly from the London Boroughs of 
Lewisham, Greenwich and City of Westminster. It is a moving grate system and 
produces 35 MW^ but, although designed with this feature, no thermal power is 
exported to a district heating network because the market for it has not yet 
materialised. Steam is produced at 395 °C and 46 bar and around 250 kilograms of 
bottom ash and 30 kilograms of fly ash are produced per tonne of M SW  burn. The 
plant is constrained in just 1.9 hectares and complies with the Waste Incineration
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Directive (European Commission, 2000) emission limits and Figure 41 shows a 
schematic of the plant and its components (SELCHP, 2006).
The evolution of incineration technology is likely to be limited to efficiency 
improvements, minimise corrosion and further reduce pollutant emissions (Bilitewski,
2006) rather than radical improvements in the incineration plant design.
Three very large incineration facilities in the UK are either being built, e.g. Riverside 
Recovery facility at Belvedere (Cory Environmental, 2009) or have been granted 
planning permission recently. Among these, the Ineos Chlor incinerator (Letsrecycle,
2009) with a capacity of up to 850,000 tonnes per annum of RDF generating up to 
lOOMWe and 360 MWth and the 95 MWe incinerator in the Resource Recovery Park 
(RRP) in Cheshire, designed to treat 600,000 tonnes of waste and developed by Peel 
Environmental. It can be expected that in the medium term, incinerators will reduce in 
size and will integrate better with urban environments as suggested by some design 
guides (Dow Jones Architects and Arup, 2008; Enviros, 2008) where they can 
transform waste generated locally into heat and electricity for the local community 
according to the proximity principle.
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7 Technology Analysis. Gasification_________________
Similar to other advanced thermal treatments, gasification is not a new technology. 
For example, the Fischer-Tropsch process gasifies coal and converts it to a wide 
range of liquid hydrocarbons, including diesel. Unfortunately for the technology 
development, after the Second World War, the use of gasification technology declined 
as oil and gasoline became cheaper and more available. More recently, gasification 
technology has regained certain relevance mainly because of high energy prices. 
However, the most important developments have been in coal gasification and the 
gasification of M SW  and other wastes has only become important as the 
environmental impacts of poor energy and waste strategies became evident (Juniper, 
2000). Moreover, gasification systems are usually built in combination with some type 
of pyrolysis and/or oxidation process, usually with the objective of maximising energy 
recovery e.g. Compact Power and Thermoselect technologies.
Gasification of M SW  and C&l waste is not yet considered a fully commercially proven 
technology in the UK (McLanaghan, 2002), although there are some examples of 
successful plants running in Norway, Germany and Japan and the number of plants 
using these technologies is expected to grow (Sutcliffe, 2002). In the UK, a pilot 
gasification/pyrolysis plant designed by Compact Power has been running for some 
time in Avonmouth (Compact Power, 2007) and planning permission has been granted 
for at least six more plants (Energos, 2009). The first commercial plant by Energos 
(2007) started operation in late 2008 on the Isle of Wight and other plants are being 
built, e.g. Novera in Dagenham.
The consultancy URS describes the use of gasification throughout the world in recent 
times in very similar terms to the reports by McLanaghan (2002), Sutcliffe (2002), 
Fichtner (2004) and Juniper (2000).
“The use of gasification for M SW  began in the 1980s, in the U.S., Europe and Japan. 
In these initial units, the use of unprocessed M SW  resulted in many technical 
problems, primarily due to the heterogeneous nature of MSW . This caused handling 
and feeding problems, as well as issues with temperature and process control, ash 
removal, and overall cost. Many of these facilities were shut down. With the worldwide 
success in coal and petroleum coke gasification, regulatory requirements in Europe 
and Japan for increased diversion of M SW  from landfills, and difficulties in siting and 
permitting of conventional incineration, gasification become a major alternative 
treatment technology for MSW . Most of the development has occurred in Japan and 
Europe, at first utilizing M SW  combined with other feedstocks, such as sewage sludge 
and industrial wastes. In order to feed the M SW  by itself, development and use of pre­
processing technologies became critical.” (URS, 2005).
Recently, gasification has evolved and it can treat other feedstocks, e.g. M SW , and 
sewage sludge, apart from the traditional biomasses and coal. As a result of these 
developments gasification can now play an important role in an integrated waste 
management strategy because with feedstock pre-treatment the recyclables and the 
organic fraction can be separated and treated adequately whilst the gasification plant 
treats the residual waste (Foth & Van Dyke and Associates Inc., 2004).
7.1 Classification
Gasification plants can be classified, according to Swithenbank (2006), Yassin (2005), 
Dawber (2006), McLanaghan (2002) and Juniper (2000) into the following groups
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depending on three parameters i.e. reactor type, gas-solid mode of contact and 
operating mode:
Fixed bed downdraft. Gas and solid particles move concurrently. This plant is 
suitable for small scale applications and it is the dominant type of gasifier.
Fixed bed updraft. Opposite to downdraft and used in large scale installations. 
These types of gasifier generate a syngas that has a high tar content.
Fixed bed cross-current: solid particles move vertically and gas horizontally. 
Slagging. The ashes are transformed into a vitrified slag.
Fluidised bed. They are more complex to operate and they can be either 
bubbling or circulating although they are limited in size.
Cyclonic or vortex reactors: They are fluidised bed type with very high particle 
speed to increase abrasion and high reaction rates.
Moving bed: This type of gasifier is usually operated at lower temperatures and 
has mechanic rather than hydraulic transport of solids.
Batch. This type of plant is not suitable for heat recovery due to its cyclic 
mechanical operation mode.
Bridgwater (2003) has described many pyrolysis and gasification units. This analysis 
focuses on biomass treatment and discusses the advantages and disadvantages as 
well as giving a qualitative analysis of market attractiveness and technology strengths. 
A survey of biomass gasifier manufacturers cited by Bridgwater found that 75%  of the 
commercially available gasifiers were downdraft, 2 0 %  were fluidised beds (including 
circulating fluid beds), 2 .5%  were updraft and 2 .5%  were other types. A similar study 
to Bridgwater’s was done by AEA Technology (2001) classifying gasification system 
into four generic categories and listing some manufacturers for each of the categories. 
Malkow (2004) gives detailed specifications for gasification plant by many 
manufacturers.
PfO<SuC«5 3»
Fluidized-bed gasifier Ash-melting furnace
Figure 42. Fluidised bed gasifiers with oxidation chamber and ash melting furnace (Vehlow and 
Seifert, 2002)
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Fluidised bed gasification reactors, as shown in Figure 42, are very similar to the 
designs show in the incineration section (of. Figure 35).
According to Yassin et al. (2005), large-scale gasifiers, i.e. above 2 5 -5 0  MWe output, 
are typically of the circulating fluidised bed type whereas for small-scale applications, 
up to 0.5 MWe, downdraft gasifiers are mainly used and for medium-scale applications 
bubbling fluidised bed gasifiers can be competitive.
7.2 Process
Gasification is a complex process with several chemical reactions taking place 
simultaneously. Solids and liquids feedstocks containing carbon and hydrogen can be 
gasified at high temperatures in the presence of low levels of oxygen, i.e. 
stoichiometric air ratio below one, and/or water. These reactions are mostly 
endothermie, but in the presence of oxygen, these species react with it releasing heat 
and making the whole process exothermic transforming the feedstock into a mix of 
methane, hydrogen and carbon monoxide (McKendry, 2002) known as synthetic gas 
or syngas. The limited amount of oxygen present prevents the full oxidation of all 
chemical elements in the feedstock thus part of its energy is transformed into 
chemical energy in the syngas components whilst the other part heats the feedstock. 
Gasification is carried out at elevated temperatures between 500 °C and 1,400 °C and 
pressures up to 33 bar (McLanaghan, 2002; Biffa, 2003; Yassin, Lettieri et al., 2005).
Dawber (2006) presents a detailed description of the operation of two small-scale 
gasification units in Norway. Firstly, waste is fed through a tight chute to prevent 
uncontrolled air enter into the chamber. Then, an articulated water-cooled grate mixes 
and conveys the waste through the partial oxidation chamber. The waste is gasified 
under sub-stoichiometric conditions releasing the syngas with an energy content of 4 
to 5 MJ/m®. The bottom ash is quenched and less than 1%  of the original carbon 
remains in the bottom ash. The syngas is blown into a secondary combustion 
chamber where it is ignited to complete the oxidation. FI eat is recovered by raising 
steam in a boiler and the flue gases are cleaned with the help of dry lime and activated 
carbon and bag filters. The emissions of these plants are consistently well below the 
WID limits (of. Table 5). A proper and optimised design of the second combustion 
chamber minimises the formation of NO^ and CO thus smaller clean-up equipment 
can be used than in other types of advance thermal treatment technologies. It is 
recognised that there are corrosion problems caused by the condensation of gases 
from the flue and whilst they are being addressed by improved design, actual 
problems are dealt by proactive measures and appropriate maintenance schedules.
Syngas can be used as chemical feedstock or as fuel in internal combustion engines 
(ICE) or gas turbines (Juniper, 2000) where it is transformed into heat and power. In 
turbines, it can be directly used or previously cleaned from impurities such as 
entrapped tars and solids. The trade-offs between these alternatives on capital and 
operational costs, emissions, etc. need to be carefully assessed for each individual 
case. For example, if the gas is cleaned before use, extra equipment, capital and 
operational costs will be required but the specifications of the combustion chamber 
will be less stringent owing to the cleaner environment, e.g. less corrosion, abrasion 
and fouling. Also, less maintenance will be required and higher efficiencies can be 
achieved by operating at higher pressures and temperatures (AEA Technology, 2001).
Typically, limited quantities of air or pure oxygen are used in the gasification process; 
the latter enhances the thermal and chemical properties of the syngas because of the 
absence of nitrogen in it. Flowever, this option requires a supply of pure oxygen that is
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expensive because of the high energy consumption associated to it (Juniper, 2000). 
Other possible gasifiying agents are steam and even hydrogen (McKendry, 2002).
The physical appearance of a moving/fixed grate or fluidised bed gasifier does not 
greatly differ from an incineration combustion chamber (cf. Figure 33 and Figure 35). 
Flowever, fixed bed designs depending on the fuel and syngas flow mode differ 
slightly. In the counter current type, shown in Figure 42, the biomass is fed through a 
ram or a screw conveyor to the chamber where the gasification takes place. A limited 
amount of air is blown from the bottom of the chamber progressing upwards through 
the fuel. The syngas is released and heat is generated in the bed. The reaction is self­
sustained and an external fuel, e.g. natural gas, is only required at start-up. Metals can 
be extracted from the ashes that fall to the bottom of the reactor through a grid where 
they are collected before being quenched. Meanwhile, the syngas flows upward where 
it can be oxidised, typically in a secondary oxidation chamber with excess of air, to 
extract all its energy or cleaned if it is going to be stored. A report by AEA Technology
(2 0 0 1 ) includes a more detailed description of some of the different gasification 
processes that can be classified according to their thermal input in Figure 43.
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Figure 43. Gasifier types according to their thermal input (Bridgwater, 2002)
Clean-up equipment is very similar to that used in incineration plants (of. section 6.2) 
but of a smaller size as a result of the lower air flow through the system.
7.3 Schematic
Gasifiers designs depend not only on the process type as previously discussed but 
also on the manufacturer. Some of the best known are Foster Wheeler, Lurgi, Volund, 
TPS, Thermoselect and Ebara (Bridgwater, 2002; Thermoselect, 2003; Malkow, 2004). 
In the UK, Energos (2007), part of the Ener-G group, is using its experience from 
Norway to build plant in the UK.
W aste
bunker
1®' stage; Fixed 
grate gasifier
2""^  stage: 
Oxidation unit
Clean-up
equipment
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► \  Heat recovery
Ash discharge and storage steam generator
Figure 44. Gasification process schematic (Energos, 2007).
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Figure 44 shows the schematic of a typical Energos plant where the two stages of the 
gasification process can be seen as well as the refuse bunker, the clean up equipment 
and the ash quenching and storage.
7.4 Operating Parameters
The Juniper report (2 0 0 0 ) identifies the following relevant operating parameters for the 
gasification process that can be grouped under two headings:
•  Physical: particle size and amount of oxidising gas.
•  Thermo-chemical: pressure, temperature, type of oxidising gas, and moisture 
content.
Physical properties influence the way the fuel is gasified and to what extent. Smaller 
particles gasify better than large ones because they can be completely gasified. 
Contrarily, large particles usually have their interior pyrolysed to a solid char as a result 
of the high temperatures and the absence of oxygen. Furthermore, the particle size 
distribution should be uniform to avoid uneven gasification and to achieve the WID  
requirements (European Commission, 2000). These include a 3%  limit of total carbon 
content in the ashes or slag to ensure appropriate combustion conditions and proper 
energy recovery. Similarly, increasing the air to feedstock ratio influences the syngas’ 
composition and CV because the further oxidation of the chemical species in the 
feedstock reduces the Hg and CO content and therefore the syngas CV.
The second group of operating parameters influence mainly the chemical reactions 
and hence the syngas composition. For example, low temperature air gasification 
produces little tar whereas steam gasification produces a light tar and high 
temperature gasification a tar consisting mostly of hydrocarbons (McKendry, 2002). 
Moreover, not only the main gasification temperature but its evolution through the 
process influences the syngas and tar formation, e.g. quick cooling to 60 or 80 °C 
minimises tar formation (McKendry, 2002). Finally, moist feedstocks need more energy 
to evaporate the water and the CV of the syngas they produce is lower than from drier 
feedstocks.
Figure 45, adapted from a report on gasification and pyrolysis by Juniper (2000), 
shows the influence that temperature has over certain gasification parameters such as 
sintering that is the process of melting the ash. This reduces its leachability and 
increases its recyclability (Juniper, 2008) but if it happens at undesired locations it 
causes blockages.
t  Syngas CV i
t Tar content I
I  Char conversion f
I  Sintering risk f
700 °C Temperature 1,000 °C
Figure 45. Gasification outputs vs. temperature adapted from Juniper (2000)
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Many sources report on the trade-offs between the different operating parameters of 
gasifiers (AEA Technology, 2001; McKendry, 2002; Biffa, 2003; CIW M , 2003; Fichtner 
Consulting Engineers Ltd., 2004). For example, high temperature gasification achieves 
high syngas CV and energy yields but increases the tar content and the char 
conversion is lower thus the process is not very efficient at extracting energy from the 
fuel as part of the energy remains in the ashes and tars that need to be disposed, 
cracked and/or cleaned. Moreover, the higher the temperature the greater the 
likelihood of ash sintering and melting in undesired places causing blockages. Another 
trade off-appears when pure oxygen is used as oxidiser because the syngas’ CV is 
greatly increased but at the expense of buying/producing the oxygen. On the other 
hand, if air is used, high quantities of inert Ng will pass through the system being 
heated. This requires larger clean-up equipment, reduces the process efficiency and 
increases the costs.
7.5 Inputs and Outputs
The two principal inputs to waste gasifiers are the feedstock and the oxidiser and the 
main outputs are the syngas, tar and ashes. Any material containing carbon and 
hydrogen can potentially be gasified. Nonetheless, this research focus on gasification 
technologies that can treat biomass, pre-processed M SW  as well as C&l wastes. 
Oxygen, either pure or from the air, is the most common gasifying agent although 
steam can be used or even hydrogen (McKendry, 2002). Gasification can take place 
with or without the presence of catalyst that improves both the overall performance 
and efficiency (McKendry, 2002).
There is not a unique specification for the RDF used in the gasification plants; 
therefore, its CV can range between the minimum of 12 MJ/kg that is expected to be 
used in the Compact Power/Ethos Energy plant in Avonmouth (DEFRA, 2008) up to 
values of 18.5 MJ/kg quoted by (BERR, 2006; BERR, 2008). Intermediate values of 
14.7 MJ/kg (Yassin, 2008), 17 MJ/kg (DEFRA, 2007) and 18 MJ/kg (McLanaghan, 
2002,p.53) are also quoted.
Gasification usually generates a gas composed mainly of carbon monoxide (CO), 
hydrogen (Hg), methane (CFI4), carbon dioxide (COg), nitrogen (Ng) and water vapour 
(HgO) with traces of other more complex hydrocarbons and other chemical species 
such as ammonia, and hydrogen cyanide, sulphide, chloride and fluoride as well as 
heavy metals (AEA Technology, 2001; Biffa, 2003). Contrarily to incineration, the main 
energy output of the process is not in the form of thermal energy, i.e. hot gases, but in 
the chemical species in the syngas. This offers the benefit that it can be transported, 
stored or used as chemical feedstock whereas the thermal energy has to be used 
instantaneously on- site or nearby.
Typically the CV of syngas from gasification using oxygen is 10 to 15 MJ/Nm® whereas 
when using air the CV is 4 to 10 MJ/Nm® (AEA Technology, 2001; Wheeler and de 
Rome, 2002; Biffa, 2003; CIW M, 2003; Fichtner Consulting Engineers Ltd., 2004). For 
comparison, natural gas CV is about 38 MJ/Nm® to 40 MJ/Nm® (Jense and Jensen, 
2000).
The syngas produced either by gasification or pyrolysis can be used as (Fichtner 
Consulting Engineers Ltd., 2004):
•  direct fuel in gas turbines with downstream cleaning;
•  fuel in gas turbines or ICE after being cleaned and cooled;
•  fuel mix with other fossil fuels in co-firing plants; or
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•  chemical feedstock in the production of transport fuels or other chemical 
products.
Due to the chemical composition of the syngas, ICE require some minor modification 
when used as electric generators because methane and hydrogen have higher flame 
speeds and the air/syngas mix detonates earlier than usual fuels thus lower 
compression ratios and more powerful spark plugs are required. When using ICEs, 
pollution releases may occur due to the required overlapping of the inlet and outlet 
valves cycles and the corresponding extra duty for the catalytic converter (AEA 
Technology, 2001).
It is possible for traces of tars and particulate matter to be present in the syngas flow, 
particularly in certain reactor types, e.g. updraft. Tars usually need to be cleaned 
before use (CIWM, 2003) although they can be cracked or thermally decomposed  
(McKendry, 2002). Clean up systems for gasification are smaller, more compact and 
cheaper than for incineration because of the lower air flows (McKendry, 2002; Malkow, 
2004; Bébar, Stehlik et al., 2005).
Typically, the fraction of ash and other solid residues is less for gasification than for 
incineration (of. 6.3) because of the use of RDF rather than raw fuel. Nonetheless, 
metals in the ash could be recycled unless the ash is a vitrified material such as in the 
Thermoselect process (2003). This sintering process minimises potential leaching and 
renders the residue inert but it is energy intensive and usually reduces the amount of 
net energy output (Juniper, 2000).
Liquids are rarely produced in gasification but if they appear, high organic contents 
can be expected and they are usually burnt as fuel for the process.
7.6 Energy benchmarks and mass balance
This section summarises the information compiled on energy benchmarks and mass 
balances of gasification technologies and all the figures quoted in this section are 
incorporated into the economic model (of. section 10). However, as discussed in other 
advanced thermal treatments sections (of. sections 6 . 6  and 8 .6 ), extra care should be 
paid when comparing absolute benchmarks, e.g. energy generated per tonne of waste  
processed, from different technologies as these are dependent on the CV of the 
feedstock and its preparation.
After processing the feedstock, a solid residue is produced in gasification plants with 
from inert materials from the feedstock including the metals. According to Livingston
(2002), the bottom ash fraction accounts for 26%  of the input in the Com pact Power 
plants and 18%  in the Wastetech facilities and slightly higher figure of 30%  is reported 
by Chackiath (2005). Regarding the fly ash, which is hazardous and needs to be 
disposed accordingly, Livingston (2002) reports a 1.6%  in Compact Power plants, 
3 .5%  in MitsuiR21, 3%  in Wastetech facilities, 3%  in Nippon Steel and 1.9%  in the  
Thermoselect plants. These figures are similar to the 2%  reported by Chackiath (2005) 
and Juniper (2008).
DEFRA (2008) reports an 18.3%  ash figure for an Energos plant that includes bottom  
and fly ash and is lower than the 28%  to 35% , also including bottom and fly ash, 
reported by AEA Technology (2007,Table 6 ).
As mentioned before, ferrous and non-ferrous metals from the gasification solid 
residues can be recovered for recycling. The percentages quoted range from a 0 .5%  
for the Mitsui R21 process, 2 .9%  for Thermoselect, 6 %  for VonRoll, 10%  for Nippon
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Steel and up to 12%  for Wastetech according to Livingston (2002). Other sources 
report a 5%  (Chackiath and Longhurst, 2005) and 2 .7%  (AEA Technology, 2007) and 
between 1 %  and 3%  (Juniper, 2008).
CIW M (2003) quotes energy outputs for gasification/pyrolysis plants between 300 and 
750 kWhe per tonne of sorted or unsorted feedstock although it also mentions that in 
order to ratify these figures these technologies need some more years of continuous 
operation. These figures match those of Chackiath (2005) who reports that a 
gasification plant could generate 625kWhe with a feedstock of 9 MJ/kg, i.e. 2,500 kWh 
per tonne, equivalent to 25%  efficiency. All these figures have been used in the 
economic model (cf. section 1 0 .8 ).
Information compiled by Fichtner (2004) on electrical efficiencies for electricity 
generation gasification plants shows values between 17%  and 25% . Similar ranges 
are quoted by SLR Consulting (2008), with 13%  to 28%  efficiencies for gasification 
plants with gas engines, 13%  to 19%  for gasification and secondary combustion of 
the char; and 9%  to 14%  for gasification using steam turbines and no combustion of 
the char. AEA Technology (2007) quotes similar figures with maximum electrical 
efficiencies of 22%  and minimum of 17%  assuming a CV of 9.5 MJ/kg.
Parasitic losses in the range of 6 % to 25%  of these electric efficiencies need to be 
subtracted according to Fichtner (2004) to estimate the final net output of the plant.
CHIP gasification plants are unlikely to use a gas engine because they are too small 
hence it is expected that they will have electric efficiencies in the range of the 
gasification and secondary combustion plant reported by SLR Consulting (2008). 
Therefore, in the economic model, an average electricity efficiency of 19%  is 
assumed, which is slightly lower than the 2 1  %  assumed for electricity only gasification 
plants, (of. Table 14 in section 10.8).
Very little information is available on the thermal efficiency of CHP gasification plants, 
only that the Compact Power plant in Avonmouth (DEFRA, 2008) is expected to 
generate 7.6MWth for 7,500 hours processing 30,000 tpa with a CV of 12 MJ/kg. This 
is equivalent to 1,900 kWh^/tonne or a thermal efficiency of 36% .
Additional mass and energy balances for some case studies can be found in the the 
“Thermal methods of municipal waste treatment” report from Biffa (2003) and in the 
Environment Agency’s Waste Technology Data Centre (Environment Agency, 2006) 
when it was available.
7.7 Scale, footprint and lifespan
In general, gasification units are smaller in size and capacity than incineration 
according to Bridgewater (2003). Large-scale gasification plants, i.e. above 2 5 -5 0  
MWe, tend to be of the circulating fluidised bed type whereas for small-scale 
applications, i.e. up to 500 kWg, downdraft type gasifiers are preferred. In the 
intermediate ranges, bubbling fluidised bed gasifiers can be competitive (Yassin, 
Lettieri et al., 2005). Regarding the prime movers, for systems of less than 250 kW^, 
ICEs are used as prime movers with turbines more suited for higher capacities (AEA 
Technology, 2001).
Table 10, using information from Juniper (2008), shows the manufacturers of 
gasification plants, sometimes combined with pyrolysis processes, and the scale, 
location and number of their plants:
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Process supplier
Country of 
supplier
No. of 
plants
Location of 
plants
Min-Max  
throughput in 
1 , 0 0 0  tpa
Ebara Japan 8 Japan 21-183
Energos/Ener-G Norway/UK 6
Norway, 
Germany 
and UK
37-75
Entech Australia 5 Asia 0.5-13
Foster Wheeler Finland 1 Finland 1 0 0
Flitachi Ltd. Japan 3 Japan 11-78
Fiitachi Metals Japan 2 Japan 7-55
Flitachi Zosen Japan 7 Japan 17-135
IHI Japan 4 Japan 27-80
ITI Energy UK 1 Turkey 1 2
JFE Japan 16 Japan 32-185
Kawasaki Giken Japan 5 Japan 12-55
KHI Japan 2 Japan 25-100
Kobelco Japan 7 Japan 20-76
Mitsubishi Fleavy Japan 1 Japan 80
Mitsui Japan 6 Japan 47-133
Nippon Steel Japan 26 Japan 22-240
Sumitomo Fleavy Industries Japan 1 Japan 44
Takuma Japan 3 Japan 42-54
Techtrade Germany 2 Germany 32-100
Thide France 1 France 50
Toshiba Japan 1 Japan 30
TPS Sweden 1 Italy 50
Table 10. Gasification plants capacities and manufacturers (Juniper, 2008).
Despite not being a clear limit on the lower bound of the capacities, in the UK the 
main interest in gasification and pyrolysis plants is currently towards small scale, e.g.
30.000 to 40,000 tpa, for use as local solutions (McLanaghan, 2002). Therefore, the
30.000 tpa has been selected as the techno economic minimum for gasification and 
also for pyrolysis plants.
The land take of the Thermoselect gasification plants is 17,000 m  ^ for an 80,000 tpa  
facility in one line or 51,000 m  ^for a facility that treats 480,000 tpa in four parallel lines 
(Environment Agency, 2006). Smaller footprints, probably referring only to the actual 
plant building rather than the whole site, are quoted by ICE (2005). For example, a 
small Mitsui Babcock gasification or pyrolysis plant treating 60,000 tpa that would 
occupy 3,450 m  ^ whereas a medium plant with a capacity of 100,000 tpa would 
require 3,800 m  ^with 4,350 m  ^required for a plant with a throughput of 150,000 tpa.
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With information from the sources mentioned above and others (Wheeler and de 
Rome, 2002; Associates in Industrial Ecology, 2003; Environment Agency, 2006; AEA 
Technology, 2007; Environment Agency, Golder Associates et al., 2007; Biogen, 2008; 
Last, 2008,p25), a ratio of the number of hectares necessary per thousand of tonnes 
of capacity in gasification and pyrolysis plants has been calculated. The average value 
was found to be 0.028 with a maximum of 0.184 and a minimum of 0.002. Due to the 
large difference between these figures, further research (cf. section 15.7) will be 
necessary to improve their accuracy.
Similarly, with information from the same sources, the average number of full time 
equivalent employees per thousand tonnes treated in gasification and pyrolysis plants 
has been calculated as 0.291 full time employees equivalent per thousand tonnes 
treated with a maximum of 0.566 and a minimum of 0.150.
Finally, reliable gasification plant lifespan estimates are difficult given the lack of long 
running plants. Nonetheless, information in the WRATE database (Environment 
Agency, Golder Associates et al., 2007) and data from other sources (Chackiath and 
Longhurst, 2005; AEA Technology, 2007; DTI, 2007) shows expected lifespans of 
between 20 and 30 years.
7.8 SWOT analysis
The following SW OT analysis of gasification systems has been carried out taking into 
account environmental, technical and economic criteria. Some of the statements also 
include pyrolysis and others are relative, i.e. comparison of gasification with 
incineration, rather than absolute, but they are still relevant as both technologies are 
mutually exclusive.
7.8.1 Strengths
•  Gasification has better public perception than incineration (Foth & Van Dyke 
and Associates Inc., 2004);
•  The thermodynamic efficiency of a cycle fuelled with syngas, that can reach 
1,200°C, is much higher than a Rankine cycle of steam that can only reach 
400°C therefore the whole electric efficiency of the process is likely to be higher 
(EnviroCentre, ICE et al., 2005; Swithenbank, 2006);
•  Recycling can be enhanced by up-front separation, i.e. pre-treatment, which is 
common practice in preparing gasification and pyrolysis feedstocks (Foth & 
Van Dyke and Associates Inc., 2004);
•  The plant size and clean-up equipment of gasification/pyrolysis plants is 
sometimes smaller and stack is shorter than in incineration plants because of 
the reduced amount of oxidiser used, although this depends on the type of 
process used, e.g. staged combustion gasification is not dissimilar to 
incineration, (Marel, 2001; C IW M, 2003; Bébar, Stehlik et al., 2005);
•  Syngas composition is much more homogeneous than the feedstock hence its 
combustion can be better controlled and optimised thus minimising pollutant 
generation; and
•  Separate chambers for gasification and oxidation allow for optimised syngas 
production, more efficient energy production and cleaner emissions (Foth & 
Van Dyke and Associates Inc., 2004).
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7.8.2 Weakness
•  Gasification and pyrolysis usually require waste pre-treatment infrastructure to 
remove non-organic or inert waste and supply them with homogeneous 
feedstock (Gibbs, 2005);
•  Residual materials from gasification and pyrolysis plants, especially from ARC  
equipment, could be hazardous and more heavy metals than in incineration are 
found in the solid residues (AEA Technology, 2001; O ’Brien, 2002; Foth & Van 
Dyke and Associates Inc., 2004);
•  In the UK, gasification and pyrolysis technologies are unproven on a 
commercial scale and therefore have low bankability (McLanaghan, 2002; DTI, 
2004; Foth & Van Dyke and Associates Inc., 2004; Environment Agency, 2006); 
and
•  Gasification and pyrolysis technologies are relatively expensive compared to 
incineration or other fossil-fuel-based energy generation systems and thus face 
economic and other non-technical barriers when trying to penetrate the energy 
market. (EnviroCentre, ICE et al., 2005; Yassin, Lettieri et al., 2005).
7.8.3 Opportunities
Syngas can be used as chemical feedstock as well as stored and transported 
for use elsewhere (Fichtner Consulting Engineers Ltd., 2004);
Syngas can also be used as fuel replacement in power plants or industrial 
installations and may not require cleaning or cooling if used on-site (Fichtner 
Consulting Engineers Ltd., 2004);
Syngas can be used as fuel in higher temperatures cycles, e.g. ICEs and gas 
turbines rather than steam turbines, with the associated higher efficiencies 
(CIWM, 2003);
Gasification is qualified for ROCs hence electricity produced can be sold at a 
premium and it is renewable energy (DTI, 2006; Letsrecycle, 2008; UK 
Parliament, 2009);
Gasification plants are working in countries like Japan with technology licenses 
from companies that went bankrupt in Europe because of economic problems 
suggesting the technology is not the problem (Whiting, 2006);
Gasification systems can gain a reputation in the EfW market by proving their 
reliability using biomass (Yassin, Lettieri et al., 2005);
Syngas production can be optimised for hydrogen production with the 
potential use in fuel cells (McKendry, 2002; Environment Agency, 2006); and 
Smaller footprints and lower stacks than incineration plants offer flexibility of 
scale and so favour the gasification and pyrolysis treatments in accordance to 
the proximity principle (McLanaghan, 2002; Yassin, Lettieri et al., 2005; 
Environment Agency, 2006).
7.8.4 Threats
•  Gasification is often mistaken for incineration because of the syngas oxidising 
phase and therefore suffers similar negative associations (Environment 
Agency, 2006); and
•  It tries to penetrate a well-established incineration market (EnviroCentre, ICE et 
al., 2005).
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7.9 Odour, noise and visual intrusion
Noise and vibration issues are largely common to those of incineration (cf. section 6.9) 
although the extra waste pre-treatment required by many pyrolysis and gasification 
systems may prove to be a particular source of noise (AEA Technology, 2001). 
However, the pre-treatment facility does not need to be co-located with the 
gasification or pyrolysis plant.
As with noise, odour issues will be similar to those of incineration. Particular attention 
should be paid to the possible pre-treatment stage that may be a source of odours 
and the limited capacity to treat odorous air through combustion because of the lower 
air demand (AEA Technology, 2001).
The plant size and clean-up equipment of gasification/pyrolysis plants is smaller and 
stack is shorter than in incineration plants because of the reduced amount of oxidiser 
used (Marel, 2001; C IW M, 2003). This is also suggested by O ’Brien (2002) who 
mentions that lower stacks can be expected than for incineration plants although this 
would be dependent of local regulations. Therefore, the visual impact of a gasification 
or pyrolysis plant that would be moderate in any case is likely to be more reduced that 
for an incineration plant of the same size.
7.10 Current technology situation and future evolution
One of the most referenced gasification technologies is the Thermoselect process. 
The plant in Karlsruhe, Germany, (Thermoselect, 2003) had a capacity of 225,000  
tonnes of untreated waste per annum with a CV of 12 MJ/kg and it consisted of three 
thermal lines of gasification followed by “quench shock cooling” of the syngas. It 
began operation in 1999 but closed at the end of 2004 because of economics 
reasons. Nevertheless, the same technology is being used in Japan with good results 
hence it can be envisaged that the technology was not the problem but the economic 
environment. This well-known failure has probably prevented a wider and quicker 
implementation of the technology, at least in the UK.
Nonetheless, other gasification manufacturers have endeavoured to recover the 
market confidence on gasification. One of these manufacturers has been Energos
(2007), a part of the Ener-G group since 2004. This company has one gasification 
plant operating in Germany since 2001 and seven in Norway, the oldest 
commissioned in 1997. The Energos’ plant design (Dawber, 2006) has two chambers, 
one where the heterogeneous M SW  is gasified creating the syngas, and a second 
chamber where it is burnt in a more controlled environment.
According to Juniper (2000) more than half of the gasification and pyrolysis systems 
being developed are in Europe, although the USA and Japan are not far behind and 
the market is growing fast. In Japan, the capacity of newly ordered gasification plants 
exceeded incineration for the first time in 2000 and at least 32 plants have been built 
since then most of them of the fluidised bed and rotary kiln type. In contrast, in the 
rest of the world, the market is stalled with no or minimum commercial interest in USA, 
Canada and Australia.
In the UK, there seems to be slightly higher interest but until 2006 there were no deals 
closed (Whiting, 2006). Soon after the situation changed and Energos (2007) has 
recently built a facility in the Isle of Wight (DEFRA, 2008) which has been in operation 
since late 2008. Moreover, Energos has been granted planning approval for another 
six plants in the UK including Knowsley in Manchester and Kirk Sandall in Doncaster. 
Additionally, Novera UK is building a gasification plant in west London that would
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gasify RDF from the nearby Eco-Deco MBT plant. Similarly, ITI Energy, a manufacturer 
of small scale gasification plants claiming up to 45%  of electric efficiencies using RDF, 
has recently gained planning permission for a plant in Nottingham and another in 
Teeside. To conclude the picture of the existing and proposed gasification plants in 
the UK, the combined pyrolysis/gasification pilot plant by Compact Power (now Ethos 
Energy) in Avonmouth has been operating successfully since 2001. This facility was 
visited in November 2008.
Finally, some other gasification developers working in the UK include Brightstar 
Environmental and I ET Energy (McLanaghan, 2002) and additional gasification case 
studies can be found in the Biffa report (2003) and in the Waste Technology Data 
Centre of the Environment Agency (2006). Many of these facilities has been compiled 
by DEFRA in a publication on advanced thermal treatments of waste that also covers 
pyrolysis (2007).
Other gasification developers working in the UK include Brightstar Environmental and 
I ET Energy (McLanaghan, 2002) and additional gasification case studies can be found 
in a report compile by DEFRA on advanced thermal treatments of waste (2007), a 
similar report by Biffa (2003) and in the W aste Technology Data Centre of the 
Environment Agency (2006).
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8 Technology analysis. Pyrolysis____________________
Pyrolysis is the endothermie, i.e. requires energy as opposed to exothermic, thermal 
transformation of a feedstock in absence of an oxidising agent (CIW M, 2003). In 
common with the other EfW technologies, pyrolysis cannot be considered a new 
technology or process as it has been used for centuries to produce charcoal from 
wood in oxygen starved conditions although its application to waste is much more 
recent. Similarly to gasification, pyrolysis cannot be yet considered commercially a 
fully proven technology in the UK although there are some examples of successful 
plants running in Germany and Japan. Moreover, the number of plants using these 
technologies is expected to grow (Juniper, 2000; Sutcliffe, 2002).
Pyrolysis, similarly to gasification, is best suited to treat homogeneous feedstocks and 
when operated for energy recover, it is commonly coupled with a gasification and/or 
an oxidiser section that allows generating energy from the solid/liquid/gaseous 
outputs on-site. A pyrolysis/gasification plant by Compact Power (now Ethos Energy) 
has been in operation in Avonmouth (Bristol) for some time now (Compact Power,
2007). In the rest of the world, very few manufacturers have commercially viable 
pyrolysis plants treating purely M SW  or C&l waste. One of them is the Wastegen
(2006) plant in Burgau, Germany, whilst the Conrad and ESI are two pure pyrolysis 
processes using tyres and sewage sludge respectively. Mitsui produces a combined 
gasification and pyrolysis plant capable of treating M SW  as well as Thermoselect and 
both are well established in Japan (Juniper, 2000).
Most of the aspects about novelty, expected growth, reliability, etc. described in the 
gasification section, are applicable in full to pyrolysis hence no further explanation of 
them is included in this section.
The consultancy URS has summarised the requirements and relevant associated 
issues of pyrolysis in the following paragraph:
“M SW  is too heterogeneous for pyrolysis and other thermal conversion technologies 
and, therefore requires pre-processing in most cases. Since inorganic materials such 
as grit, glass, and metals, do not enter into the thermal conversion reactions, energy, 
which could be used to produce pyrolysis reactions, is expended in heating the 
inorganic materials to the pyrolysis reactor temperature. Then the inorganic materials 
are cooled in clean-up processes, and the heat is lost. Much of the pre-processing is 
required to remove inorganic materials and to enhance the homogeneity of the 
feedstock. Depending on the specific pyrolysis process, pre-processing may include 
sorting, separation, size reduction, densification, etc." (URS, 2005, p. 1-2)
8.1 Classification
There are different system designs depending on their purpose but from an EfW 
perspective, the most important factor is to extract and recover energy. Therefore, 
systems with low residence times and maximal syngas production, which is burnt to 
recover energy, are the preferred option.
Various types of reactors have been created depending on heat transfer modes and 
rates, treatment temperatures, feedstocks, etc. Nonetheless, pyrolysis systems have 
been generically classified (Juniper, 2000; Fichtner Consulting Engineers Ltd., 2004; 
Yassin, Lettieri et al., 2005) into the following types:
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Bubbling, circulating and transported beds;
Ablative pyrolysis;
Vortex and cyclonic;
Fixed and horizontal moving bed;
Entrained flow;
Rotating kiln;
Vacuum pyrolysis; and 
Floated tube pyrolysers.
AEA Technology (2001) has listed various manufacturers for some of the types of 
pyrolysis systems mentioned above such as Mitsui, Waste Gas Technology, Compact 
Power, Thermoselect, etc. Bridgwater (2003) has described many types of pyrolysis 
plants setting out their advantages and disadvantages as well as providing a 
qualitative analysis of market attractiveness.
Depending on the heat transfer mode, processes can be direct, if the feedstock is 
heated directly, or indirect, if it is heated through an intermediate medium. With regard 
to heating methods, surface heating, hot gases, partial gasification, a hot sand bed, 
etc. can be found in the different types of units.
Regarding heating rate and temperature, pyrolysis systems can be classified, 
according to the Juniper report (2000), as:
•  Carbonisation: very low heating rates, low temperatures (300 °C to 500 °C) and 
long treatment times e.g. up to days transform the feedstock into solid 
charcoal.
•  Pressure carbonisation: Fligher pressures and heating rates are used for 
shorter periods than carbonisation but with similar outputs.
•  Conventional pyrolysis: At temperatures between 400 °C and 600 °C, a mix of 
char, liquids and syngas is produced with low heat transfer rates of up to some 
hours whereas for higher temperatures of up to 900 °C, mostly char and 
syngas are produced.
•  Vacuum pyrolysis: With temperatures in the range of 350 °C to 450 °C and 
medium heating rates, the feedstock is mainly transformed into a liquid output 
in less than a minute at below atmospheric pressures.
•  Flash pyrolysis: residence times are in the range of seconds or less with very 
high heat transfer rates. In this mode, the higher the temperature, which can be 
between 400 °C and 3,000 °C, the higher the proportion of syngas in the 
output.
8.2 Process
Pyrolysis of waste feedstock is usually carried out at temperatures between 400 °C 
and 700 °C or even higher, sometimes in vacuum conditions and in the complete 
absence of oxygen. Many of the information sources describing gasification (Juniper, 
2000; McLanaghan, 2002; Biffa, 2003; Yassin, Lettieri et al., 2005; DEFRA, 2007) also 
cover pyrolysis hence they are considered in this section.
The pyrolysis process itself is relatively simple as it proceeds by applying heat to a 
feedstock in the absence of oxygen. It is an endothermie process thus energy must be 
supplied to maintain the reaction. This can be achieved by heating waste with hot 
gases in a rotary kiln or passing it through externally heated tubes, hot plates, etc. 
always in a sealed environment. FI eat can be applied at different rates until the desired 
temperature is achieved depending on the system design. Feedstock is first dried as 
its moisture is evaporated and its carbonaceous fraction is volatilised and then
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decomposed into a mix of solid, liquid and gas whose proportions are influenced by 
temperature, pressure and heat transfer rates. Solid and liquid fractions are usually 
extracted from the bottom of the reactor whereas a syngas, similar to that of 
gasification, flows upwards usually with some solid and liquid particles suspended. 
Depending on the design, the gas may be used on-site or cleaned by cyclones and/or 
scrubbers and stored or transported to be used elsewhere. The liquid and solid 
fractions, unless the process is specifically designed to produce them as chemical 
feedstock or as a final product, are typically used as fuels in an adjacent oxidising 
chamber supply the heat required for the process and/or to maximise energy 
extraction from the feedstock.
Feed
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Figure 46. Compact Power process schematic (Compact Power, 2007).
Similarly to gasification, pyrolysis syngas can be used as fuel in internal combustion 
engines (ICEs) or gas turbines where the chemical energy is converted into thermal 
energy to produce heat and power in conventional steam or gas turbines. Usually ICEs 
are used up to 5MWe electric capacities and turbines for larger outputs although there 
is some overlapping in the 250 kWg to 5 MWe range.
Reduced exhaust air flows from the oxidation stages of the plant mean smaller clean­
up equipment and shorter stack than for incineration. Depending on the plant 
arrangement, syngas can be cleaned before or after being fully oxidised with the same 
trade-offs described for gasification (of. section 7.2). Consequently, clean-up 
equipment should be adapted and installed according to expected emissions, which 
in turn depend on feedstock and type of process used.
8.3 Schematic
The initial part of the Compact Power (now Ethos Energy) process in Avonmouth 
(Bristol) is a good example of a pyrolysis scheme (Acton and Hogg, 2001; Compact 
Power, 2007). The plant pyrolyses waste for 90 minutes between 400 “C and 800 °C 
during which time hydrocarbon gases are released leaving carbon and inert residues 
from which recyclable materials, e.g. metals, can be recovered. The carbon can be 
captured for manufacture of high value products, e.g. activated carbon, or reacted 
with steam to produce a syngas rich in hydrogen and carbon monoxide. The syngas is 
combusted reaching temperatures of 1,250 °C for more than two seconds to comply
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with legislation. Hot gases are used to raise steam and energy is produced by 
expanding it in a turbine. Emissions are low, particularly for NO^ and dioxins. The 
plant’s modular approach, two pyrolysis tubes and a gasifier form a unit, e.g. the MT2, 
and up to four of these units can be attached to the oxidation phase. This allows 
processing of different types of waste at the same time and enhances resiliency and 
scalability within a low footprint. The demonstration plant was built in 2001 and has 
operated mostly on clinical hazardous waste although its suitability to treat many other 
feedstocks has been tested during these years. Figure 47 shows the MT2, i.e. with 
two pyrolysis tubes, process schematic.
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Figure 47. Compact Power MT2 type plant schematic (Compact Power, 2007).
On the left hand side, the tubes where the pyrolysis takes place are externally heated 
by a fraction of the heat from the thermal oxidizing reactor while the feedstock is 
forced along the pyrolysis tubes. The rest of the process consists of the energy 
recovery, i.e. waste heat boiler, and clean-up equipment that would be common for all 
other technologies. The electricity generating equipment is not shown in the above 
diagram.
8.4 Operating Parameters
The main operating parameters in a pyrolysis process are: time, temperature, heating 
rate and particle size (AEA Technology, 2001) and to a lesser extent pressure in the 
reactor vessel and feedstock moisture content. Furthermore, another critical 
parameter is the absence of air; the process should occur in a complete absence of 
oxygen otherwise the by-products originating from the thermal decomposition of the 
feedstock will be oxidised and their CV reduced. Therefore, preventing any air input is 
crucial for the process hence air tight inlets and seals are required.
The combination of time and temperature as well as the heat transfer rate, determines 
the final mix of products and their state: solid, liquid and gas. Each of the different 
pyrolysis types explained in section 8 . 1  is better suited for a combination of these 
factors as well as the feedstock type and desired output.
In general, high temperatures, around the 900°G and even 1000°C, and fast heat 
transfer rates, e.g. minutes or seconds, increase the syngas and tar fractions of the 
pyrolysis process and decrease the char production with minimal influence in the final
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ash residue as presented in the report “Thermal methods of municipal waste 
treatment” (Biffa, 2003) and in the work by Li et al. (1999). Contrarily, low 
temperatures, i.e. between 400 °C and 500 °C, and slow heat transfer rates, e.g. 
hours, would maximise the amount of char generated (AEA Technology, 2001; Vehlow 
and Seifert, 2002). Appendix D in the AEA Technology report (2001) presents 
numerical results on the proportion of solid/liquid/gaseous outputs from the pyrolysis 
of different feedstocks from various sources in agreement with the general principles 
outlined above.
Ono et al. (2001) studied the influence of some other parameters on the pyrolysis 
output composition and found very minimal effects related to pressure. On the 
influence of particle size, Ono et al. have reported that larger particles take longer to 
pyrolyse leaving larger amounts of solid residues from fast processes and their 
findings were consistent with those of Li et al. (1999).
Finally, the effect of moisture content of the fuel is similar to that of gasification i.e. the 
higher the moisture, the more energy to evaporate the water and the more inefficient 
the process.
8.5 Inputs and Outputs
Several types of feedstocks can be pyrolysed (Li, Li et al., 1999; Biffa, 2003; CIW M,
2003) but for the purposes of this research, only C&l waste as well as M SW  and 
biomass are considered. A pre-processing stage to reduce moisture, particle size and 
homogenise the feedstock improves the process efficiency as discussed before; 
hence, RDF is specially appropriated as pyrolysis fuel. The characteristics of pyrolysis 
feedstock, e.g. a CV between 12 and 18.5 MJ/kg, homogeneous composition, etc., 
are very similar to those of the gasification feedstock that were discussed in section 
7.5.
Because the pyrolysis process is endothermie, it usually operates in combination with 
a gasification and/or oxidation unit from which hot gases can be used as a heat 
source, but the energy also can come from electric heaters.
Physically, pyrolysis’ outputs are a hydrocarbon rich-gas mixture, an oil-like liquid, 
and a carbon-rich solid residue their proportions depending on the heating rate, 
residence time and temperature, as well as on the composition of the fuel as 
discussed above.
Char can be considered a residual waste needing disposal, an intermediate by­
product or a final product. Juniper (2000) analysed the advantages or disadvantages 
that each potential use of these solid residues from pyrolysis has. For example, as an 
intermediate product, it can be gasified or burnt to fully extract its energy, e.g. to 
supply the heat required by the endothermie reactions. Alternatively, as a product, it 
can be sold as fuel, e.g. charcoal, or recycled.
Similar to char, tar can be produced during the pyrolysis, either on purpose or 
inadvertently; however, handling and/or disposing tar is complicated given its liquid 
nature. The Juniper report (2000) outlines the different alternatives for tar: removed, 
treated, cracked or combusted. If the syngas is not cleaned but burnt with the tar, 
more end-of-pipe cleaning is required. On the other hand, if tar is cleaned from the 
syngas before it is combusted, clean-up equipment will be simpler and smaller. In this 
last case, the syngas can also be stored or exported.
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In the context of EfW, one of the most important process outputs is energy although, 
contrarily to incineration, it is not in the form of hot gases. The energy is mainly 
present in the chemical species of the solid, liquid and gaseous pyrolysis outputs that 
can be used as fuel in other energy generation systems. For example, the pyrolysis 
syngas is composed mainly of methane although much heavier hydrocarbons can also 
be found. Even hydrogen and carbon monoxide are not uncommon in this syngas 
although their proportions depend heavily on the pyrolysis time and temperature 
(CIWM, 2003). Syngas CV values in the range of 10 to 20 MJ/Nm^ are quoted 
depending on the sources (AEA Technology, 2001; CIW M, 2003; Fichtner Consulting 
Engineers Ltd., 2004; DEFRA, 2007). In a pyrolysis process with a high proportion of 
solids in the output, a lower CV of the syngas can be expected because carbon will 
have not been transformed into methane or carbon monoxide and it would remain as 
fixed carbon in the char (AEA Technology, 2001; CIW M, 2003). Another factor to be 
noted is that pyrolysis syngas has higher energy content than from gasification 
because of the absence of inert Ng (Wheeler and de Rome, 2002).
The liquid fraction of the pyrolysis has a CV typically in the range of 15 to 20 MJ/kg  
(wet) and contains around 25%  of acetic and other organic acids and more than 40%  
of other complex hydrocarbons (AEA Technology, 2001). It is highly corrosive because 
of its low pH and presents a similar health hazard as crude oil. When the liquid is 
intended to be used as chemical feedstock, it is usually quenched to stop 
uncontrolled chemical reactions before the mix is upgraded to commercially viable 
products by catalytic cracking, hydrolysis or other methods (AEA Technology, 2001).
Finally, current waste pyrolysis processes are designed to minimise solid residues, i.e. 
ash and char. The former is formed of incombustible material resembling gasification 
and incineration ash, whereas the latter is a solid carbonaceous material that is 
typically used as fuel inside the same plant to maximise energy extraction and avoid 
landfill disposal (DEFRA, 2005). From these solid materials, sometimes is possible to 
extract metals for recycling (DEFRA, 2007).
8.6 Energy benchmarks and mass balance
The mass balance of a pyrolysis process depends greatly on its operating parameters, 
mainly temperature and heat transfer rate that greatly influence the solid, liquid and 
gas fractions balance, as described in the references in sections 8.4 and 8.5. As in the 
case of gasification, limited information is available from long-running commercial 
plants and some of the sources refer to data from pilot or demonstration plants. 
Nonetheless, data presented in this section have been used in the economic model 
(cf. section 1 0 ).
Nonetheless, in general, the percentage of solid waste residues requiring disposal to 
landfill ranges from 30%  of the total plant input according to Chackiath (2005), down 
to the 26%  for Compact Power, and the 18%  for Wastetech plants according to 
(Livingston, 2002). DEFRA (2008) quotes a yet lower figure of 10%  of char residue for 
the Scarborough Power demonstration plant. With regard to fly ash or other residues 
requiring to be disposed to hazardous landfill, percentages quoted are of the same 
order of magnitude ranging from 1.6%  to 3 .5%  (Livingston, 2002; Chackiath and 
Longhurst, 2005). Finally, AEA Technology (2007) reports a total of between 28%  and 
35%  for bottom and fly ash without providing the split between them.
As mentioned by DEFRA (2007), a fraction of the solid residue can be recovered as 
metal for recycling. On average 5%  of the total input is quoted as recyclable 
(Chackiath and Longhurst, 2005; AEA Technology, 2007), but figures of 0 .5%  for the
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Mitsui R21 process, 2 .9%  for Thermoselect, 6 %  for VonRoll, 10%  for Nippon Steel 
and 12%  for Wastetech are reported by Livingston (2002).
Benchmarks of energy production depend on how the process outputs are used. If 
dirty syngas is burnt in an oxidation chamber and the solid residue generated is 
minimum then it is likely that the energy output will be relatively high. Conversely, 
pyrolysis processes with high liquid and solid output percentages will have lower 
energy output if these are not fully burnt. Another consideration when comparing 
energy outputs between different technologies is the different type of fuel each 
technology uses. Notwithstanding these factors, energy benchmarks found are 
relatively consistent.
Some of the figures quoted for gasification are applicable to pyrolysis process 
because the source does not distinguish between the two processes so most of the 
figures quoted in section 7.6, are also appropriate for pyrolysis.
Chackiath (2005) reports that a pyrolysis process could generate 625 kWhe using a 9 
MJ/kg feedstock, i.e. 2,500 kWh/tonne, hence achieving a gross efficiency of 25% . 
However, this figure is for a generic plant and figures from actual plants reported by 
Livingston (2002) are slightly lower with efficiencies of 17.1%  for Wastetech and 
16.9%  for Nippon Steel. Nonetheless, all these figures are within the range of electric 
efficiencies between 16%  and 25%  quoted by Fichtner (2004) with parasitic electric 
losses between 7%  and 14% . A particular case is the Thermoselect plant where 
electricity parasitic losses reach 43% , probably because of the slag sintering process 
it includes. The high parasitic losses could explain the forced closure of the plant on 
economic grounds as discussed in the introduction of section 8 .
DEFRA (2004) uses the Burgau plant in Germany, operated by WasteGen Ltd., as a 
case study to estimate energy outputs and quotes a net energy output of 642 kWh@ 
per tonne processed and electric parasitic losses of up to 2 0 %  of the electricity 
produced used inside the plant. This energy is equivalent to a net 27%  efficiency even 
with a far from ideal feedstock with a relatively low CV of 8.5 MJ/kg, 25%  moisture, 
30%  inorganic and 45%  organic content (Wastegen Ltd., 2006). Nonetheless, this 
high net efficiency, even higher than the gross figures quoted elsewhere may be 
incorrect because of the use of two different sources so it has not been used in the 
economic model.
Regarding efficiencies in pyrolysis CHP plants, the Scarborough pyrolysis 
demonstration plant sponsored by DEFRA (2008) is supposed to generate 1,000 kWhg 
per tonne of RDF with a CV of 15 MJ/kg which is equivalent to a 24%  electric 
efficiency, whereas Livingston (2002) reports an electric efficiency of 19.8%  for the 
Compact Power plant. Nonetheless, as with gasification (of. section 7.6), an average 
electric efficiency value of 20%  for CHP plants has been chosen slightly lower than 
the 2 1  %  used for the electricity only pyrolysis plants.
Data on thermal efficiencies have been compiled from the Scarborough plant (DEFRA,
2008) and the Compact Power (now Ethos Energy) plant (DEFRA, 2008). The former 
would generate 2.2MWth during 7,500 hours per annum from 18,000 tpa of RDF with a 
CV of 15 MJ/kg. This is equivalent to 916 kWhth per tonne or a thermal efficiency of 
21.9% . The latter has a thermal efficiency of 36%  as worked out in section 7.7.
Finally, data from the Scarborough plant (DEFRA, 2008) that would generate 2.2 MW,h 
but only export 1 . 8  MWth has been used to work out a parasitic thermal loss of 18 .1%  
for pyrolysis with CHP plants. According to the WRATE process database  
(Environment Agency, Golder Associates et al., 2007), the proposed Com pact Power
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(now Ethos Energy) plant would have parasitic loss of 400 kW^ whilst producing 2.4  
MWe therefore the parasitic losses are 16.6% .
As with other EfW technologies (of. sections 5.6, 6 . 6  and 7.6), the Environment 
Agency’s Waste Technology Data Centre (Environment Agency, 2006), when it was 
operational, and the “Thermal methods of municipal waste treatment” report from 
Biffa (2003) have more mass and energy balances for pyrolysis processes.
8.7 Scale, footprint and lifespan
With regard to costs and footprint, pyrolysis and gasification plants are usually 
grouped together in the reports studied so, in general, figures presented in section 7.7 
are also applicable to pyrolysis plants. Consequently, the lower techno-economic limit 
adopted in this research for pyrolysis plants is 30,000 tpa.
With regard to footprint, O ’Brien (2002) mentions that pyrolysis units can be modular 
with capacities ranging from 20,000 to 50,000 tpa and similar land requirements to 
gasification units, if the amount of waste processed is under 80,000. Should the 
throughput of the plant be higher, O ’Brien mentions requirements from 15,000 m  ^
upwards. Nonetheless, data compiled for gasification on footprint, number of 
employees and lifespan may be used given the lack of specific information on 
pyrolysis plants.
8.8 SWOT anaiysis
As with many other parts of this section, the pyrolysis SWOT analysis presents 
similarities with gasification. In this case, it also presents relative statements between 
pyrolysis and incineration but being both usually exclusive the analysis is very relevant 
when comparing them. This SW OT analysis has been carried out on environmental, 
technical and economic grounds.
8.8.1 Strengths
•  Pyrolysis has potential to achieve up to 90%  waste diversion from landfill and 
to produce usable gas, fuel oil, and/or fuels (Foth & Van Dyke and Associates 
Inc., 2004);
•  The pre-processing of pyrolysis feedstock is complementary to the recycling 
infrastructure hence not competing with it (Foth & Van Dyke and Associates 
Inc., 2004);
•  The thermodynamic efficiency of a cycle fuelled with syngas is higher than a 
Rankine’s cycle of steam because temperatures are much higher, around 
1,200 °C, therefore increasing the whole process efficiency (EnviroCentre, ICE 
et al., 2005; Swithenbank, 2006); and
•  Pyrolysis has greater potential public acceptance over other waste disposal 
options (EnviroCentre, ICE et al., 2005).
8.8.2 Weaknesses
•  Pyrolysis is a relatively unproven technology with lower number of operational 
hours and hence poor bankability (McLanaghan, 2002; DTI, 2004; Foth & Van 
Dyke and Associates Inc., 2004; EnviroCentre, ICE et al., 2005; Environment 
Agency, 2006);
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•  Pilot and demonstration projects in the United States have documented 
significant problems in scaling up from very small applications to full-scale 
projects (Foth & Van Dyke and Associates Inc., 2004);
•  Estimated capital and operating costs are higher than for other technologies 
because the envisaged small plants can not achieve economies of scale. (Foth 
& Van Dyke and Associates Inc., 2004; EnviroCentre, ICE et al., 2005; Yassin, 
Lettieri et al., 2005);
•  Pyrolysis usually requires homogeneous fuel, e.g. RDF, which needs 
preparation thus increasing costs and reducing net efficiency (McLanaghan, 
2002);
•  Residual materials, specially from ARC equipment, could be hazardous and 
more heavy metals are found in pyrolysis solid residues than in incineration 
(AEA Technology, 2001; O ’Brien, 2002; Foth & Van Dyke and Associates Inc.,
2004); and
•  Pyrolysis processes may have very high parasitic losses, e.g. Thermoselect 
(2003; 2003).
8.8.3 Opportunities
•  Pyrolysis can penetrate EfW markets by proving its reliability through the use 
of biomass homogeneous fuels like energy crops (Yassin, Lettieri et al., 2005);
•  Pyrolysis syngas can be used as feedstock in chemical processes or for 
producing hydrogen (EnviroCentre, ICE et al., 2005; Environment Agency,
2006);
•  Pyrolysis offers the flexibility of small scale and reduced footprint so that 
localised facilities can be used in accordance to proximity principle 
(McLanaghan, 2002; Yassin, Lettieri et al., 2005; Environment Agency, 2006);
•  When optimised for energy production, higher energy yields make pyrolysis 
more attractive than incineration (Yassin, Lettieri et al., 2005); and
•  It is likely that pyrolysis plants would have shorter planning horizons than 
incineration hence speeding up their implementation (McLanaghan, 2002).
8.8.4 Threats
•  Pyrolysis is usually mistaken as incineration because of the syngas oxidising 
phase and therefore suffers similar negative associations (Environment 
Agency, 2006);
•  Pyrolysis is trying to penetrate a well-established incineration market 
(EnviroCentre, ICE et al., 2005); and
•  Technical and economic specifications cannot be easily demonstrated due to 
lack of commercially operating plants (EnviroCentre, ICE et al., 2005).
8.9 Odour, noise and visual intrusion
Odour, noise and visual intrusion issues can be expected to be very similar to those 
discussed for the incineration and gasification plants (of. sections 6.9 and 7.9). 
However, a particularity of pyrolysis plants is that the liquids that might be formed in 
the process have a very penetrating and persistent odour (AEA Technology, 2001).
As for any other waste management operation, pyrolysis plants can give rise to odours 
although these can be reduced by implementing good practice guides such as 
adequate building design (DEFRA, 2007). Another particularity of pyrolysis plants is 
that the air sucked in to maintain a negative pressure within the building may need to
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be passed through a biofilter to minimise odour release given the lack of process air 
requirements unless there is an oxidation section in the plant.
Finally, DEFRA (2007) has compiled a list of the main noise generators in gasification 
and pyrolysis plants finding that the main sources of noise are actually external to the 
plant, i.e. vehicle movements/manoeuvring and traffic noise, followed by the pre­
treatment stage, the ventilation systems, the turbine and the condenser units.
8.10 Current technology situation and future evoiution
There are no pure pyrolysis plants in operation in the UK apart from the Scarborough 
pyrolysis plant sponsored by DEFRA’s waste technology demonstration programme 
(DEFRA, 2008) which is yet to start commercial operation.
Nonetheless, the Compact Power demonstration plant (now Ethos Energy) has been in 
operation since 2001 and was visited in November 2008 (of. appendix VIII). It is a 
combined pyrolysis and gasification process with a post-combustion stage and there 
are plans to build a fully commercial scale plant using this technology near the existing 
one. Figure 46 and Figure 47 showed the process schematic with the pyrolysis tubes 
plus the gasification and thermal reactors and the energy extracting elements that 
produce heat and electricity.
Apart from the Scarborough and the proposed Compact Power plant at commercial 
scale based on the experience acquired with the pilot plant, there are no other 
pyrolysis plants proposed to be built in the UK. This situation is similar to that 
elsewhere in the world where it seems that future plants would use the other EfW 
technologies described in this research, or even plasma gasification.
Nonetheless, some additional case studies can be found in the AEA Technology report 
(2001), the Biffa report (2003) and in the W aste Technology Data Centre of the 
Environment Agency (2006). Malkow (2004) has described in detail a few innovative 
pyrolysis as well as gasification systems.
Nonetheless, some additional case studies can be found in the AEA Technology report
(2001), the Biffa report (2003) and in the W aste Technology Data Centre of the 
Environment Agency (2006). Malkow (2004) has described in detail a few innovative 
pyrolysis as well as gasification systems.
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9 Technical review. Other waste treatments___________
This section covers briefly technologies not directly considered by this research but 
that could be incorporated into the DST in the future, e.g. plasma technology, or more 
precisely plasma arc gasification, and pre-processing technologies, e.g. Mechanical 
Biological Treatment (MBT).
Plasma arc processes were originally intended to treat relatively small quantities of 
hazardous and clinical waste rather than large quantities of municipal and commercial 
waste so their application for this purpose is limited. Despite this, the technology has 
some positive aspects such as reduced footprint, minimal emissions and a vitrified 
residue, which can make it a candidate EfW technology, should these aspects be 
critical, for a given project.
MBT is not an EfW technology as such, but it is a term covering a range of 
technologies (Greenpeace, 2003) that may include AD and it may be found associated 
with thermal EfW technologies to which it supplies RDF.
9.1 Plasma
A plasma arc with its very high temperatures treats wastes converting them in a 
combustible gas and an inert residue. The term plasma refers to a conductive, 
electrically ionised gas, typically air although several other gases can be used for this 
purpose. Plasma can be created by a flow of electrons between a positive and a 
negative pole that renders the gas conductive and heats it to temperatures ranging 
from 5,000 °G to 10,000 °C. (Associates in Industrial Ecology, 2003). This can be 
achieved using plasma torches or graphite electrodes which are the two main existing 
plasma arc gasification technologies (Carabin and Gagnon, 2006). Plasma gasification 
can treat materials with a high inorganic fraction and low heat potential because most 
of the heat required for the treatment is provided by the plasma and not by the 
oxidation of wastes. However, the high voltage difference required consumes a lot of 
electricity and incurs in high operational costs (Associates in Industrial Ecology, 2003).
Plasma emissions are potentially lower than from other EfW technologies (Associates 
in Industrial Ecology, 2003; Foth & Van Dyke and Associates Inc., 2004) and the solid 
residue they produce is a vitrified slag (Tetronics, 2007). The produced gases are 
similar to those produced by gasification and pyrolysis hence they could be used to 
generate energy or used as chemical feedstock.
The technology is even further away from commercial viability than gasification and 
pyrolysis and its use is currently limited to very few applications such as hazardous 
waste treatment. From the point of view of this research, it will not be considered in 
DST although it is mentioned here for completeness.
9.1.1 Schematic
Figure 48 shows a schematic diagram of a plasma arc installation to process M SW  
(URS, 2005). Pre-processing allows separation of recyclable materials and the 
emission control system cleans the syngas produced before fully oxidising it in a 
similar way to the syngas from gasification or pyrolysis.
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Figure 48. Plasma power schematic (URS, 2005).
The heating elements in the process core can be plasma torches, as shown in Figure 
48, or electrodes as shown in Figure 49.
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Figure 49. Gaspiasma process (Ayris and Heard, 2007)
9.1.2 Inputs and Outputs
Plasma arc technologies have been traditionally used for hazardous, clinical and 
radioactive wastes, e.g. asbestos (Benedicte, 2008). The extremely high temperatures 
reduce any chemical compound to elemental atoms that recombine in simple 
molecules such as Hg, CO, etc. forming a syngas. When used for treating M SW  or O&l 
waste, the process is modified so that a syngas is produced. This syngas can then be 
used as fuel in ICEs or turbines or as feedstock for a chemical process.
The high temperatures turn the solid residues into a vitrified slag or obsidian-like 
silicate with a low leachability of toxic metals deemed as non-hazardous waste 
(Tetronics, 2007; Benedicte, 2008). It has re-saleable value as road fill, concrete 
aggregate, and when re-cast, even used as construction tiles (Safe Waste and Power,
2007). Vitrification allows for a significant volume reduction, typically of more than 5 to 
1 for ash and more than 50 to 1 for solid waste (Carabin and Gagnon, 2006).
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On energy grounds, a plasma arc gasification facility can be expected to be a net 
energy consumer of electricity although this depends on the design and the feedstock 
GV. For example, certain plants are conceived as energy recovery facilities, e.g. the 
Advance Plasma Power -  Tetronics facility that can generate 3 MWe, whereas others 
are designed to maximise waste destruction and minimise residues, e.g. the Plasma 
Arc Waste Destruction System by Pyro Genesis (2007).
No description of syngas properties and composition, or more details on the energy 
balance are included in this brief description of the technology but manufacturers like 
Tetronics (2007), the American company Westinghouse (2007) and Canadian-based 
Pyro Genesis (2007) can be good sources of information.
9.1.3 Scale and cost references
The Advance Plasma Power -  Tetronics facility proposed at Farringdon near Oxford is 
expected to require 2,000 m  ^ for treating 50,000 tpa of waste (Advanced Plasma 
Power, 2006). The Plasma Resource Recovery System from Pyro Genesis has 
capacities from approximately 700 to 70,000 tpa. Another of the Pyro Genesis 
products is designed to be compact and for to destroy waste onboard ships and has 
a capacity of 160 to 340 kg per hour within a very reduced footprint of 10 m by 6.4 m 
(Pyro Genesis, 2007).
Regarding costs, data summarised by Foth & Van Dyke and Associates (2004) 
suggest that the capital cost for a plasma reactor would be around $200 per kW of 
thermal capacity with operational costs varying depending on the material processed, 
e.g. $415 per tonne for agricultural waste to $6,360 per tonne for waste paint. 
Associates in Industrial Ecology (2003) quote capital costs of up to £10m  for a 36,500  
tpa plant with operational costs of £50 per tonne treated for the Advance Plasma 
Power -  Tetronics. This variability of prices was also found by Beck (2003) in a report 
prepared for the city of Honolulu on plasma arc gasification. Beck’s report concluded 
that plasma economics are too variable and existing plants lack proper scale for 
comparison.
9.1.4 SWOT
A brief strength, weaknesses, opportunities and threats analysis of plasma arc 
technology is presented here. This section covers only the applicability of the 
treatment to wastes. The analysis has been carried out on environmental, technical 
and economic grounds.
9.1.4.1 Strengths
•  Plasma systems have superior thermal destruction than other EfW  
technologies (Foth & Van Dyke and Associates Inc., 2004);
•  Plasma technologies achieve low emissions to air (Associates in Industrial 
Ecology, 2003; Foth & Van Dyke and Associates Inc., 2004);
•  Plasma plants can have low profiles which minimise visual intrusion (Advanced 
Plasma Power, 2006);
•  Plasma plants have much flexibility in the type of waste they can handle 
(Associates in Industrial Ecology, 2003); and
•  Plasma processes can be designed in modules to facilitate scalability 
(Associates in Industrial Ecology, 2003).
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9.1.4.2 Weakness
•  Plasma facilities are likely to have high capital and operational costs, the latter 
due to power requirements (Associates in Industrial Ecology, 2003; Foth & Van 
Dyke and Associates Inc., 2004);
•  Plasma technologies may require feedstock pre-processing adding costs and 
complexity to the plant (Associates in Industrial Ecology, 2003; Foth & Van 
Dyke and Associates Inc., 2004);
•  There are no reference plants treating M SW  so hindering the future 
implementation of the technology; and
•  Potential operational issues have been reported in relation to maintaining a 
stable plasma arc due to low CV and high moisture content of M SW  
(Associates in Industrial Ecology, 2003).
9.1.4.3 Opportunities
•  Plasma arc technology qualifies for ROC's (Advanced Plasma Power, 2006); 
and
•  Plasma gasification is a very compact technology.
9.1.4.4 Threats
•  Plasma arc technology tries to compete in a well-established market for 
technologies like incineration.
9.1.5 Current technology situation and future evolution
The review carried out by Associates in Industrial Ecology (2003) mentions that there 
are no known reference plants treating only M SW  in operation around the world. A
150,000 tpa plant was planned for Lubsko, Poland for municipal and industrial wastes. 
Tetronics has commissioned over 30 treatment plants worldwide fourteen of which 
handle bottom ash/fly ash from ATT plants treating M SW  with the predominant market 
in Japan.
The Canadian manufacturer Pyro Genesis has found a market niche for its “Plasma 
Arc Waste Destruction System” (PAWDS) used to destroy waste on board commercial 
and military cruises (Carabin and Gagnon, 2006; Pyro Genesis, 2007).
Some development is also taking place in the USA, with another Canadian 
manufacturer Alter Nrg purchasing Westinghouse Plasma Corporation (WPC) a 
traditional American plasma system manufacturer. Westinghouse has two facilities 
operating in Japan since 2002 transforming M SW  together with scrap auto waste and 
sewage sludge into electricity. In 2007, Westinghouse was selected to build a plant in 
St. Lucie County, Florida. The original plans were to treat more than 350,000 tpa of 
waste, but the facility has not yet been built and the plans have been scaled down 
significantly (Resource Recovery Forum, 2007).
Finally, the Advanced Plasma Power -  Tetronics facility near Oxford is a proposed 
facility in the UK that will treat M SW  in the form of RDF. It will generate a syngas in a 
fluidised bed gasifier that passes later through a plasma arc before being cooled and 
cleaned. That syngas is a clean hydrogen rich fuel gas of consistent CV used as fuel in 
gas engines that produce electricity although only 50%  of it will be exported to the 
grid. The plant also generates heat in the form of low temperature stream and a 
vitrified solid residue that has just 1 %  of the waste input in volume (Advanced Plasma 
Power, 2006).
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The following picture shows a model of the proposed plan where the RDF fuel storage 
(A), feed system (B), plasma converter (C), fluid bed gasifier (D) and gas engines (G) 
can be seen. The installation at the back is the gas cleaning facility with a gas storage 
facility, a scrubber and a particulate filter. The footprint area of the covered space is 
1,750 m  ^whilst the external space is 1,000 m .^
I I
$
Figure 50. Plasma arc facility model (Advanced Plasma Power, 2006).
9.2 Mechanical Biological Treatment (MBT)
MBT is not a disposal method but a generic term that refers to a combination of 
different mechanical operations such as sorting, bulking, shredding, separation and 
transfer of materials together with biological treatments, like composting or AD, to 
stabilise the biodegradable waste fraction. MBT can sometimes comprise some 
thermal treatments like heating or drying. Its main application is, as part of an 
integrated waste management system, to recover the maximum value from waste, e.g. 
segregating the recyclable from the residual fractions, produce more homogeneous 
outputs, e.g. RDF, that can be treated more easily by other technologies and minimise 
landfilling (Greenpeace, 2003). Depending on the plant’s specific objectives e.g. 
production of compost, biogas, volume reduction, etc. a combination of mechanical, 
biological and/or thermal treatments can be arranged to optimise the process.
A typical by-product of MBT plants is a RDF that is mainly composed of the high 
calorific waste fraction of residual waste from which the majority of the high moisture, 
e.g. organics, and non-combustible fractions, e.g. glass, metals and inert materials, 
are removed. Compared with raw MSW , it has less moisture and more homogeneous 
properties and composition making it suitable as an alternative fuel in thermal 
treatment plants or cement kilns (EnviroCentre, ICE et al., 2005).
Most MBT technologies have been developed in Germany, but Austria, Switzerland 
and the Netherlands are also active markets. Juniper Consultancy Services has 
produced a very comprehensive report on MBT that can be used as reference 
document for an in-depth view of MBT (Juniper, 2005).
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9.2.1 Classification
No classification of MBT plants is presented in this research due to the countless 
possible combinations of mechanical, biological and even thermal treatments. 
Nonetheless, several generic arrangements are discussed by Juniper (2005,Appendix 
D) and many case studies can be found in DEFRA publications like the “New  
Technologies Demonstrator Programme. Catalogue of Applications” (2005), the 
“Advanced biological treatment of M SW ” (2005), or the more specific for MBT 
“Mechanical Biological Treatment & Mechanical Heat Treatment of Municipal Solid 
W aste” (2005).
Although MBT is the most common name, other acronyms refer to similar 
technologies e.g. biological mechanical treatment (BMT), biological mechanical waste 
treatment (BMWT) and even mechanical biological processing (MBP). Some 
processes also include thermal treatment of waste e.g. autoclave. These technologies 
are known as mechanical heat treatments (MHT). If there is on-site recovery/recycling 
of materials, plants are usually referred as Material Recovery Facilities (MRF).
9.2.2 Process
The order of the mechanical, biological and sometimes even thermal treatments is 
dictated by the plant’s objective, e.g. maximise recycling, stabilise the organic 
fraction, RDF production, etc. For example, an MBT plant designed to produce RDF 
will usually have all or some of the following stages:
Sorting and removal of bulky materials;
Shredding, chipping and milling;
Separation and screening with trammels and magnetic separators; 
Blending;
Drying and pelletising/balling;
Packaging; and 
Storing.
From the energy standpoint view, MBT facilities consume power and/or heat although 
in an example of industrial ecology and integrated waste management these could be 
drawn from a nearby EfW facility (Tomberlin, 2006).
Figure 51 illustrates two of the possible treatments, e.g. hand picking and size 
separation by trommel, which can take place in a MBT plant.
Figure 51. MBT mechanical treatments (Banks, 2006)
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Figure 52 presents sonne processes that might be found in MBT plants such as in­
vessel composting and autoclaving.
Figure 52. In vessel (Transform Compost Systems, 2006) and autoclave treatments (Estech Europe, 
2007).
9.2.3 Schematic
Figure 53 presents an external view of a proposed MBT plant with the six digestion 
tanks and biogas holder in the foreground and the sorting and other mechanical 
process at the rear.
Figure 53. MBT diagram (Haase, 2008)
9.2.4 Operating parameters
The composition of the incoming waste stream is key for the plant design and 
operation. Steady operation requires minimal variation of waste composition and 
absence of rogue items, e.g. engine blocks, car batteries, etc. that may cause 
machinery blockage or breakdown. From a biological point of view, waste’s chemical 
composition must not affect the processes biochemistry by containing antibiotics or 
other harmful products.
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9.2.5 Inputs and Outputs. RDF
M BT plants usually process two types of waste streams: unsorted, i.e. black bag, or 
source segregated, i.e. kerbside collection of home recycling. If source segregated 
waste is received most of the recyclables would not be present hence the main 
objective of an MBT would be to produce RDF whereas if unsorted waste is 
processed the plant will be designed to extract the maximum amount of recyclables. 
In both cases, minimising the amount of waste to landfill will be a consideration.
MBT outputs can include a compost-like for product, biogas, metals, RDF, etc. In 
general, they can be classified as recyclables, secondary wastes or as disposable 
material. Finding markets for the non-disposable outputs is a challenge for MBT  
operators that is aggravated by legislative, economic and technical conditions and 
possible changes in these and/or demand. For example, compost-like output could be 
sold to farmers or other intensive consumers as substitutes of other fertilisers they 
use; however, its use requires Environment Agency approval that is sometimes 
difficult to obtain because it may be contaminated with plastic and therefore it is 
typically used for for brownfield restoration. Therefore, many M B T’s outputs are used 
as low-grade products or substitution materials, e.g. soil improver for landscaping, 
mixed plastic, etc. with the exception of recyclable metals and RDF.
No standard definition, specification, etc. yet exists for RDF although two European 
standards, named CEN TC-343 “Solid Recovered Fuels” (DEFRA, 2005) and CEN  
15359 “Solid recovered fuels — Specifications and classes” (European Committee for 
standardization, 2006) are being developed and a basic statutory definition of SRF is 
laid down in the Renewables Obligation Order 2009 (UK Parliament, 2009).
RDF generally comes in two forms, coarse RDF and dense RDF. Coarse RDF is 
generally a dried, shredded mix of high calorific materials that are baled. Dense RDF is 
coarse RDF that has been pelletized (EnviroCentre, ICE et al., 2005). In both cases, 
the properties are more homogeneous than raw M SW  (Manson-Whitton, 2006).
RDF is typically used as fuel in EfW facilities, particularly in gasification and pyrolysis 
plants, because a homogeneous fuel is paramount for their correct operation. 
Nevertheless, RDF can also be used as substitution fuel in paper mills, steel works, 
cement kilns, or coal-fired power stations (EnviroCentre, ICE et al., 2005). The use of 
RDF in co-combustion plants is analysed in more detail in the Juniper report (Juniper,
2005).
9.2.6 Costs
It has already been said that there is a wide range of MBT plant designs and operation 
modes hence estimating operating and capital costs is difficult; nevertheless, some 
guidelines are presented here.
Gate fees vary according to the type of treatment and revenue streams from materials 
recovered. The Strategy Unit (2002) estimated an average of £35 a tonne but it can be 
as high as £70 a tonne. More recently, figures included in England’s waste strategy 
(DEFRA, 2007,Annex A), suggested that the cost of a 100,000 tpa MBT facility 
producing RDF was £44m with gate fees around the £79 per tonne. Similarly, an MBT  
plant of the same capacity producing compost and discarding the residue to landfill 
would cost £30m and would charge gate fees of £74 per tonne. The same report also 
estimated capital costs and gate fees for larger and smaller plants where the 
economies of scale could be clearly seen. Further information on capital costs and 
gate fees for MBT plants can be found in other sources (McLanaghan, 2002; Enviros,
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2004; DEFRA, 2006) but the most recent information on gate fees comes from WRAP 
(2008) who suggests the median of MBT gate fees to be £53 per tonne but without 
providing a range.
9.2.7 Scale
Most of the available MBT plant designs are modular so that they are easily scalable. 
A review of existing plants capacity (Amos, 2005; Banks, 2006) shows that there 
seems to be a lower limit for MBT capacity of around 20,000 tpa with upper limits near 
the 400,000 tpa.
9.2.8 SWOT
MBT plants are part of an integrated waste management practice, but not all aspects 
of them are positive and there are some threats but also opportunities for the 
development of this technology. This section describes the strengths, weaknesses, 
opportunities and threats that MBT has recognising environmental, technical and 
economic criteria.
9.2.8.1 Strengths
A summary of the benefits of MBT from different sources is presented here (Strategy 
Unit, 2002; Banks, 2006; Manson-Whitton, 2006):
•  MBT plants can achieve up to 50%  reduction in mass and volume of waste 
thus helping to meet diversion targets;
•  They can enhance secondary recycling of up to 20% ;
•  If the residual output from MBT is landfilled, leachate and landfill gas 
generation are reduced by up to 90%  because of the reduced biological 
activity;
•  MBT can produce a compost-like output that is typically used for for 
brownfield restoration;
•  MBT provides the most likely method of ensuring homogenous fuel 
characteristics for feeding to gasification and pyrolysis plants;
•  MBT can also produce a relatively consistent and high CV feedstock e.g. RDF;
•  The technology is commercially proven at competitive prices; and
•  MBT plants have modular and flexible designs and operation;
9.2.5.2 Weakness
•  MBT does not scale down below the 20,000 tpa hence it is only applicable at 
medium/large scales;
•  MBT is not a complete M SW  management system but just a part of it 
(EnviroCentre, ICE et al., 2005);
•  A long treatment time is required when biological treatment is incorporated 
(Amos, 2005);
•  When the MBT plant incorporates composting, it has a large footprint (Amos,
2005);
•  There is no quality standard widely used for the MBT product, e.g. the 
compost like output, RDF, etc.;
•  Some of the processes work in batch mode, e.g. autoclaving, and others 
require human intervention e.g. hand picking thus slowing the process and 
making it more expensive (DEFRA, 2005); and
•  MBT, similarly to other waste infrastructure, requires planning and permits that 
can take long and be difficult to obtain (DEFRA, 2005).
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9.2.8.3 Opportunities
Most of the opportunities come from the possibility of diverting waste from landfill 
thus helping achieving landfill diversion targets.
•  MBT plants are suitable for treating a wide range of inputs. (Amos, 2005; 
EnviroCentre, ICE et al., 2005);
•  The EU Landfill directive (European Commission, 1999) encourages diversion 
of biodegradable waste from landfills which together with the scarcity of
landfills offers opportunities for technologies minimising waste disposal to
them such as MBT;
•  Product quality standards are being developed and adopted, e.g. PAS 100
(DEFRA, 2005),CEN TC -343 (DEFRA, 2005) and CEN 15359 “Solid recovered
fuels — Specifications and classes" (European Committee for standardization,
2006); and
•  MBT usually has a more positive social perception than other forms of waste 
management (Greenpeace, 2003; DEFRA, 2005);
9.2.8.4 Threats
Some threats faced by MBT plants summarised by Banks (2006) are.
•  MBT is not a final treatment and needs outlets for its products as well as
adequate integration with other waste technologies;
•  MBT represents a significant investment and long-term commitment; and
• Although recyclable materials collected on M B T/M R F facilities count towards
LA targets, the quality of the materials is lower than when brought to bring-
banks or kerbside collection (FoE, 2004).
9.2.9 Current technology situation and future evolution
In 2005, around 80 facilities from the largest manufacturers were operating worldwide 
with a capacity of circa 8.5 million tpa. It is forecast that in 2006 there will be over 120 
with a combined capacity above 13 million tonnes (Juniper, 2005).
Spain, Italy and Germany have the most experience with MBT facilities, whereas the 
UK, Australia and Canada are seen as countries very interested in implementing MBT. 
Finally, in USA and Japan MBT is largely unknown (Juniper, 2005).
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10 Economic analysis
10.1 Economic analysis tools
As was discussed in section 2.2, the economic and environmental assessments 
should be analysed under a whole life cycle perspective (Giampietro, Mayumi et al.,
2006).
In particular for the economic analysis, section 2.2.1 explored the available tools for 
the analysis and justified the selection of life cycle costing (LOG). The reasons for 
discarding the traditional cost benefit analysis (CBA) were that it lacks the required 
consideration for the whole life cycle of a project (Giampietro, Mayumi et al., 2006) 
and relies on the controversial monetization of environmental assets (Driesen, 2006). 
Conversely, LOG “looks at the complete life-span of a product to calculate whole life 
costs” (Wrisberg and Udo de Haes, 2002, p. 54) and can generate traditional 
economic indicators such as net present value (NPV), payback period and internal rate 
of return (IRR). Therefore, and after considering some limitations (Gluch and Baumann, 
2004) that do not apply for this research, LGG was chosen as the selected tool to 
carry out the economic analysis. However, a bespoke model built on a spreadsheet 
had to be created because no software package is known to be specialised in LGG 
and waste management.
10.2Methodology and economic criteria
Using LGG, an economic model of an EfW facility can be created accounting for 
current and future expense and income cash flows. In this research, income cash 
flows to an EfW facility have been grouped under two categories: revenues and 
incentives whereas expense cash flows have been grouped under capital and 
operational costs as shown in Figure 54.
EXPENSES
CAPITAL COSTS:
Gate fees < \  \  • Design
Energy sales I • Construction
• Recovered  ^ • Equipment acquisition
products sales
OPERATIONAL COSTS:
• Labour
• Maintenance
• Consumables
• Residual disposal
• Renewable 
Obligation 
Certificates (ROC)
• Climate Change 
Levy certificates
Figure 54. Life Cycle Costing incomes and expenses.
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In order to calculate and analyse how the value and evolution of these cash flows with 
time affect the chosen criteria, a bespoke model has been built in Microsoft Excel 
2003.
First of all, economic data obtained from previous years (e.g. Vq) is updated to its 
value at the starting year of the project (VJ using (Eq. 1) that incorporates the retail 
price evolution index (Office National Statistics, 2008).
K = rotl{i + RPI.) (Eq. 1)
Then, all the different cash flows are calculated for each year based on the mass and 
energy balances of the EfW facility with information from the technical review in 
sections 5 to 8  and the pricing information compiled in the worksheet databases (of. 
section 10.4). The cash flows are then depreciated according to the discount factor 
(cf. section 10.5.3) and the year they are calculated.
Finally, four criteria, three economic model results and a qualitative assessment will be 
integrated in the M CDA phase together with the environmental criteria. The 
quantitative criteria, although presented here, are explained in detail in section 10.14;
•  Net present value at the end of the project lifetime,
•  Payback period; and
•  Initial capital cost.
The fourth criterion is the qualitative assessment on the feasibility of obtaining 
additional waste from outside the development, should it be needed as described in 
section 10.6, to supply the feedstock required by the EfW plant in the long-term. 
Using the MCDA properties, these criteria will be incorporated into the DST.
10.3Assumptions and limitations
The economic model is based on the following assumptions whose robustness and 
influence will be tested with sensitivity analysis in section 13:
•  The EfW plant is a standalone facility, i.e. there is not another EfW plant nearby 
that will create competition in gate fees or securing feedstock supplies. This is 
currently the situation of most EfW plants in the UK although this could change 
in the future.
•  The plant will only be supplied with suitable feedstock.
•  The costs of the additional infrastructure required for the correct operation of 
the EfW facility, e.g. pre-processing facilities to manufacture RDF feedstock for 
gasification and pyrolysis plants, grid connection, etc. are excluded from the 
model. The cost of the district heating infrastructure is an exception to this 
assumption (of. section 10.10.7).
•  The EfW facility supplies base energy, i.e. the facility will constantly generate 
energy during its estimated yearly operating hours and all of it will be 
consumed. If energy is sold in a wholesale market, e.g. to the grid or a large 
heat user, this assumption will usually be true. Nevertheless, the EfW facility 
should be sized considering and balancing the economic aspects of waste 
disposal with heat and electricity generation.
•  Decommissioning costs are not included. Many waste facilities and sites are 
not decommissioned but revamped into more modern waste facilities hence 
decommissioning costs are not considered.
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•  The evolution with time of the estimates is modelled as a discrete set of values 
as opposed to a continuous variation between the extreme values. Unless 
specifically mentioned, all calculations are carried out using the median set of 
values and the extreme or quartile set of values are only used in the sensitivity 
analysis (cf. section 13).
Additionally to these assumptions, the model is limited by the quality of the 
information available, which is not very good as discussed in the energy and mass 
benchmark sections for each technology (of. sections 5.6, 6 .6 , 7.6 and 8 .6 ). In 
particular, data on capital and operational costs of EfW plants are very patchy 
because many sources do not mention the exact costs included, e.g. land purchase, 
consulting and planning fees, etc. Nonetheless, the results of this model are 
consistent with others (SLR Consulting Ltd., 2008).
Another limitation is the reliability of long-term forecasts of many of the variables 
incorporated in the model. For example, forecasts from different UK Government 
departments and the UK budget are incorporated in the model but their predictions 
include always some uncertainty. In any case and as mentioned with the assumptions, 
the effects of the limitations will be assessed through sensitivity analysis in section 13.
10.4 Structure
Figure 55 presents a schematic of the economic model’s structure with the input, 
output, databases, auxiliary and analysis worksheets.
Input w o rks h ee ts  
•Project input 
•Waste input
C alcu la tion s
A uxiliary D a ta b a s e
w o rks h ee ts
•Auxiliary
w o rks h ee ts
•Mass
•Energy
•Ratios
•Incentives
•Revenues
•Capex
•Opex
R esu lt w o rk s h e e ts
•NPV
A n a lys is  w o rk s h e e ts  
•NPV Graphs 
•Opex analysis
•Gate fee confidence intervals 
•Capex confidence intervals 
•Opex confidence intervals
Figure 55. Economic model structure
This structure allows the model to present the results and to analyse their possible 
variations, e.g. sensitivity analysis, using information from published reports, existing 
and planned facilities as well as data from current projects compiled into the database 
worksheets. Moreover, for every variable in the model, an average value is provided as 
well as a minimum and a maximum value based on the compiled information from the 
sources listed in the technical review sections. Incorporating this range of values in the 
economic model allows to easily carry out a sensitivity analysis as discussed in 
section 13.
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The following sections describe the different input worksheets (of. Sections 10.5 and 
10.6), the database worksheets (cf. Sections 10.7, 10.8, and 10.9) and the calculation 
worksheets (cf. Sections 10.10, 10.11, 10.12, and 10.13) with some discussion of the 
findings and results carried out in section 10.14.
10.5Project input worksheet
The “Project input” worksheet will be used to introduce project data grouped in the 
following categories:
•  Project information. General details of the project, like name and client as well 
as the consultant, are introduced in these fields to help identify the project.
•  Transport. Information related to transport, like the average trip distance that 
refuse collection vehicles travel, is introduced here. This information should be 
consistent with the information used in the environmental analysis (of. section 
10.5.1).
•  Timing. The project start date and length, i.e. plant lifetime, are specified here. 
Similarly, the estimated time for the plant to begin operation, equivalent to the 
time that the plant will take to build and commission is part of this category (cf. 
section 10.5.2).
•  Finance. The discount factor used in the project is introduced in this category 
(cf. section 10.5.3).
•  Technology. In these fields, the plant technology is selected from the list of 
available technologies. The possibility of recovering heat as well as electricity is 
also selected here as well as the information about the district heating network. 
Finally, the plant’s throughput capacity and uptime are also introduced in this 
category. These parameters are presented in detail in sections 10.5.4 to 10.5.7.
Project information
Project nam e Test
Client Test
Consultant Buro Happold Engineers Pablo Izquierdo
Waste scenario
W aste quantity Average Tills Information is here for reference only, to change It the "W aste input" worksheet
Yearly Increase rate Medium must be used
Transport
Residue vehicle trip distance In km j 20 1
Project timing Project finances
Project start date 01 /01/2009 Discount factor 1 6%
Project life time (years) 30
Plant start up date 01/01/2011
Technology
Plant type selection Options
Technology: Anaerobic Digestion Anaerobic Digestion Incineration Gasification [Pyrolysis
CHP? without CHP with CHP without CHP
District heating network length In km 0 Additional opex due to district heating | 8%
Plant Throughput In tonnes per annum 150,000
Plant uptime In hours per annum 8,000 equivalent to 91 %1
Figure 56. “Project input” worksheet section one.
A waste scenario section, as shown in Figure 56, is also presented in this worksheet 
to complete the project information; however, it is just a copy of the equivalent section 
in the “Waste input” worksheet (cf. section 10.6).
Another section of the “Project input” worksheet contains specific information about 
each technology and its incentives, revenues and material outputs. This information is 
used as the starting point for each technology calculations. This section includes 
“checks” for the options. For example, electricity or heat cannot be sold at both retail
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and industrial prices; therefore, unless only one of them is selected, the cell above 
them will display a “Select only one" message rather than “OK” as in Figure 57. The 
incentives figures in the table are presented in section 10.5.9 and further developed in 
section 1 0 . 1 2  whereas the revenues from energy and materials are introduced in 
section 10.5.8 and further developed in sections 10.11.2 and 10.11.3.
T ech n o lo g y  param eters Anaerobic Digestion I Incineration Gasification Pyrolysis
Incentives
Renewable heat incentive 0% 0% 0% 0%
Renewable electricitv incentive (R O C ) 100% 68% 90% 90%
COL electricitv exemption 100% 50% 50% 50%
Recovery Packaging Recovery Notice (PRN) 0% 19% 19% 19%
R evenues from  e n erg y  and  m ateria ls
E lectric ity OK OK OK OK
Retail price 0% 0% 0% 0%
W holesale 100% 100% 100% 100%
Heat OK OK OK OK
Retail 0% 0% 0% 0%
W holesale 0% 0% 0% 0%
M aterials
Recyclable metals 0% 100% 100% 100%
Digestate 100% 0% 0% 0%
Bottom ash 0% 100% 100% 100%
Figure 57. “Project input” worksheet section two.
10.6.1 Transport
The information on the transport cell relates to the distances travelled by off-site 
transport vehicles that move the plant’s residues to landfill. These costs are different 
from those of waste collection, e.g. refuse collection vehicles picking up household 
waste, and transport of recyclable materials to the reprocessors that are not EfW  
plant’s cost thus they are not included in the economic model. Nevertheless, 
emissions from both vehicle types contribute to the environmental impacts of the 
whole waste management scenario and can be calculated by WRATE (cf. section 11).
EfW plant’s residues can be hazardous or non-hazardous and their disposal costs are 
very different (of. section 10.10.1). However, no distinction is made on their transport 
prices or distances because only average values, by default 20 km as shown in Figure 
56, are used. In the project input worksheet, only the distance travelled by these 
vehicles is entered but information on actual costs may be found on section 1 0 .1 0 .6 .
10.5.2 Timing
In this section, the following self-explanatory inputs affecting the EfW project’s timing 
are introduced;
•  Project start date
•  Project life time in years
•  Plant start up date
The plant start date, i.e. the moment the plant is fully operational, must be later than 
the project start because of the necessary time to obtain planning and to build and 
commission it. Lately, this period has been reduced to around two years although it 
has been much longer in the past, mainly because of planning delays (Audit 
Commission, 2008), as shown in Figure 58. The longer this delay, the longer the period 
for which there will not be revenues and therefore longer payback periods and lower 
NPV can be expected (cf. section 13,1.8). Furthermore, capital loans obtained to 
finance the project may need to be repaid during this period; hence, the shorter it is, 
the better for the project finances.
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Figure 58. Waste infrastructure commissioning time (Audit Commission, 2008, fig. 4.3)
In summary, the model assumes that from the project start date, capital costs need to 
be repaid and from the plant start up date, revenues start to be accrued until the plant 
reaches its life time.
10.5.3 Finance
The discount factor is a financial parameter with a key role in the project finances. It 
expresses the higher value placed on current, rather than future, incomes and 
expenses. (Eq. 2) shows how the value in year “i” (V,) is less than the original value 
(Voriginai) by a factor that depends on the number of years difference (n) and the 
discount factor (r).
y -  _  ^ o r ig in a l
' " O + T
(Eq. 2)
According to the HM Treasury (2003), “Discounting is a technique used to compare 
costs and benefits that occur in different time periods. It is a separate concept from 
inflation, and is based on the principle that, generally, people prefer to receive goods 
and services now rather than later”. The HM Treasury also defines a “Social Time 
Preference Rate” for discounting future benefits and costs based on comparisons of 
utility across different points in time or generations. This rate is 3 .5%  for projects up to 
30 years and is progressively reduced after that. In practice, enterprises aim for much 
higher rates of return than society as a whole and hence this value is seen as a lower 
boundary. Eunomia (2002), in a report for the EU, quotes that “For financial 
comparisons, there was broad agreement that an interest rate of the order 5 -7%  was 
adequate (7% was used), and that depreciation periods should reflect the ‘technical 
life' of the components being cost (...). It is well-known amongst those close to the 
industry that investments can be ‘written-down’ much quicker by private sector 
operators (reflecting required rates of return on capital).” This is in agreement with the 
10%  discount rate used in the UK Energy Research Centre model MARKAL (Strachan,
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Kan nan et al., 2007) that also acknowledges that private firms use much higher 
discount rates.
For EfW projects, typical discount factors of 3 .5%  (South Tyne & W ear Waste 
Management Partnership, 2007) or 6 %  in the Leeds PFI (Jacobs Babtie, 2006; Jacobs 
Babtie, 2006) are found, but higher values of 8 %  and up to 12%  (Ernst and Young,
2007) are also reported.
In conclusion, an average discount factor of 6 %  is used by default although a range of 
between 3 .5%  and 12%  is used in the sensitivity analysis (cf. section 13.1)
10.5.4 Technology
In this section, the type of EfW technology has to be selected from those described in 
sections 5 to 8 , namely: anaerobic digestion, incineration, gasification and pyrolysis. 
Similarly, the plant design throughput in tonnes per annum and the estimated plant 
uptime in hours per annum are also introduced in these fields of the worksheet and 
further information on these can be found in the following two sections.
Finally, the possibility to generate and distribute heat is selected by choosing the “with 
C H P ” option. In that case, the network length in kilometres has to be introduced. It 
can be envisaged that the DH will increase the plant’s capital and operational costs by 
a certain percentage, (cf. sections 10.5.7 and 10.10.7), that would have to be input in 
this section of the worksheet.
10.5.5 Plant throughput
Table 11 summarises the findings of the technology reviews (of. sections 5 to 8 ) on the 
minimum techno-economic design capacities, i.e. throughput, for different EfW  
technologies.
Technology Minimum throughput (tonnes per annum) Suitable feedstock
Anaerobic digestion 5,000
Organic waste free of plastics and 
other contaminants.
Gasification/
Pyrolysis 30,000
Homogeneous pre-processed 
waste, e.g. RDF.
Incineration 60,000 Most wastes.
Table 11. Minimum techno-economic design capacities for EfW technologies.
These techno-economic minima are considered in the model as lower boundary limits 
for the EfW plant’s design capacities and implement into the MCDA model the 
technical limiting criteria described in sections 2.2 and 2.5. Conversely, a higher limit 
of 400,000 tpa for all technologies is set because of the lack of capital and operational 
cost data in that range for many technologies although a few incineration plants are 
larger than that limit, e.g. Belvedere incinerator (Cory Environmental, 2009). These 
extremes are represented graphically in Figure 95 in the environmental analysis 
section.
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10.6.6 Plant uptime
The plant uptime parameter models the full time equivalent number of hours in a year 
that the plant is operating at full power as described in section 10.3.
Based on a plant uptime of around 8,000 hours a year, equivalent to 91 % of the year, 
the electric and thermal power outputs of the EfW plant are calculated. Typically, UK 
incinerators operate 24 hours a day, six or seven days per week in order to be 
available when refuse collections are taking place with maintenance and repairs 
scheduled and grouped to minimise disruption. Overall, EfW technologies in the UK 
are estimated to have an utilisation factor of 83%  in an economic impact assessment 
report by Ernst and Young for the DTI (2007) with some differences between non-CHP 
plants (78%) and CHP plants (87%). These figures are in agreement with Wheeler
(2002) who quotes 85%  as a lower limit. These figures are also in line with availabilities 
reports of modern USA EfW facilities in the range of 90%  (Oneida-Herkimer Solid 
Waste Authority, 2007), figures of around 91%  for Spanish facilities (AVERSU, 2007) 
and averages of 93%  and minima above 80%  in French facilities with smaller plants 
showing higher uptime (Autret, 2004).
10.6.7 District heating
District heating (DH) networks are relatively common in Northern and Eastern Europe 
(Danish Energy Agency, 2009) and many of them are powered by EfW plants; 
however, in the UK, there are relatively few district heating schemes. Only 
Southampton, Nottingham and Lerwick have extensive district energy networks 
connected to EfW plants although other places such as Leicester and Manchester 
have sizeable community heating infrastructure (Veolia, 2008).
DH networks are capital intensive, particularly when retrofitting to existing 
developments (FontEnergy, 2007; AEA Technology, 2008). Some modifications are 
also needed in the plant itself to allow it to export heat. For example, the steam  
turbine must have a low pressure section allowing steam extraction and be very 
flexible in its operation because the steam flow will vary according to the heat demand 
(Institute for Prospective Technological Studies, 2005). Moreover a heat exchanger will 
also be required and a back-up boiler to supply heat to the network during 
maintenance of the EfW plant.
Information on the estimated length of the DH network or the additional operation cost 
that may be expected due to the operation of the DH can be input in this section of 
the “project info” worksheet. More detail on these concepts is provided in sections
10.10.7 and 10.13.4.
10.5.8 Revenues from energy and materials
Incomes from the direct sale of energy and materials are grouped in the model under 
the revenue section (of. section 10.11). The percentages of energy or materials that 
can be sold and hence become revenues are specified in this section of the 
worksheet.
Two forms of energy can be generated in an EfW plant: electricity and heat. They can 
be sold in two different markets: retail and wholesale and the percentages of how 
much is sold to which market are introduced in this section of the project info 
worksheet. Despite not being a check for the technical feasibility of the percentages 
introduced, they are not allowed to total more than 1 0 0 % in any case or an error alert 
will appear.
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Electricity or heat sold to nearby customers through a “private wire” and/or a private 
DH network is described as “retail selling”. Alternatively, electricity can be bought by 
distribution companies and transported through the national electricity grid to remote 
consumers and heat can be sold “bulk” to industries or large users. These alternatives 
are known as “wholesale”.
Retail selling attracts higher prices as there are no transmission losses, fees or 
intermediaries, e.g. distribution companies. However, it also implies higher costs of 
billing, customer care, etc. Retail sale is usually implemented through contracts 
between the EfW plant operator with an energy services company (ESCO) that 
maintains the network, manages the energy distribution, bills customers, etc. ESCOs 
usually contribute to finance the energy distribution infrastructure but expect in return 
long-term contracts to recover their investment. Therefore, ESCOs can be used to 
mitigate the risks of the large investment from the developer. If the energy revenues 
are going to appear in the EfW plant operating company balance sheet, i.e. there is 
not going to be an ESCO or it is going to be integrated financially with the EfW plant 
operator, the retail option can be used.
Alternatively, the wholesale option is the default possibility. Electricity is sold to 
distribution companies in competition with other generators and hence sold at lower 
prices than retail. Heat can also be sold if there is a market for it and the associated 
infrastructure to distribute it. If heat is sold “bulk” it will be paid at lower prices mainly 
by large heat consumers, e.g. factories. Nonetheless, prices of energy are discussed 
in section 1 0 .1 1 .2 .
Another potential source of revenues is selling some of the material by-products of the 
process as described in the Cornwall waste strategy (AEA Technology, 2007). These 
by-products include the digestate in the case of an AD plant or ferrous materials 
recovered from the ashes of a thermal treatment plant. For example, bottom ash can 
be sold to re-processors, e.g. Ballast Phoenix (2009), and reused as an aggregate 
(CIWM, 2003) becoming a revenue rather than having to dispose it to landfill at a cost. 
The potential prices of material by-products are discussed in section 10.11.3.
Unfortunately, to accrue these potential revenues a market for the each by-product is 
needed and they may be difficult to find, e.g. aggregate markets, or very volatile, e.g. 
recyclable materials, hence adding uncertainty to the long-term economic forecast. 
Therefore, the economic model allows a zero value to be entered for these streams, to 
acknowledge that specific markets may not be available.
10.5.9 Incentives
EfW plants operations are supported by several incentives (cf. section 10.12). These 
are not exclusively aimed at EfW activities, but to promote renewable energy, better 
waste management, etc. In this section of the worksheet, for each of the EfW 
technologies, the percentages of either the energy or the mass treated that qualify for 
each of the incentives are consigned.
For example, the Renewable Obligation (UK Parliament, 2007) is a government order 
that sets up incentives for renewable electricity generation (cf. section 10.12.1). EfW 
technologies that qualify for ROCs as defined in the renewable obligation order (UK 
Parliament, 2009) receive an incentive for the fraction of the electricity they generate 
that qualifies as renewable (DTI, 2006). There is not yet a similar order in place for 
renewable heat although it has been proposed by the UK Government, who has put 
forward an initial business case (Ernst and Young, 2007), carried out an initial
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consultation, issued Its response to it (BERR, 2008) and made a final consultation in 
February 2010 (DECC, 2010). In any case, the model allows for the possibility of 
having such an incentive in the future (cf. section 1 0 . 1 2 .2 ).
Another incentive scheme set up by the government to help the UK achieve its Kyoto 
targets is the climate change levy (CCL) (HM Revenue and Customs, 2006). This levy 
is imposed onto fuels that release fossil carbon. However, levy exemption certificates 
are awarded to renewable electricity generators and further information can be found 
in section 10.12.3.
An extra source of revenues are the packaging recovery notices (PRN). They were set 
up by the packaging legislation (UK Parliament, 2005) to oblige companies to treat 
their packaging waste, either directly or by buying PRNs from other companies (of. 
section 10.12.4).
10.6 Waste input worksheet
The “Waste input” worksheet contains information on the waste quantities and 
composition that are available for the EfW plant as well as its evolution over time in 
numerical and graphical form. Information on waste quantities and their composition 
can come different sources, one being the WET results and in that case this 
worksheet is the link between the WET and the DST. Other sources include waste 
audits, previously published reports, historical waste data series, etc. For example, the 
waste forecast model of the Leeds PFI project was agreed in a workshop between the 
relevant stakeholders (Jacobs Babtie, 2006; Jacobs Babtie, 2006).
Waste quantity 
scenario
Total waste 
quantities
Paper and 
cardboard Metal Glass Plastic Putrescible Other
Average 10,000 56.4% 2.4% 1.8% 10.1% 19.9% 9.3%
High 12,000 56.4% 2.4% 1.8% 10.1% 19.9% 9.3%
Lew 8,000 56.4% 2.4% 1.8% 10.1% 19.9% 9.3%
Waste generation 
increase
Yearly waste 
increase
Paper and 
cardboard Metal Glass Plastic Putrescible other
Medium 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Fast 0.7% 0.5% 0.0% 0.0% 1.0% 1.0% 0.1%
Slow -0.9% 0.0% 0.0% -0.5% 0.0% -1.0% 0.0%
Homegeneous increase in all fractions (Y/N)? N If not "Y" the above individual values will be used
Technology
Percentages of 
suitable waste for 
treatment
Paper and 
cardboard Metal Glass Plastic Putrescible other
Anaerobic Digestion 0% 0% 0% 0% 90% 0%
Incineration 30% 10% 10% 70% 100% 100%
Gasification 30% 10% 10% 70% 100% 100%
Pvrolvsis 30% 10% 10% 70% 100% 100%
Landfill 100% 100% 100% 100% 100% 100%
Selected waste 
quantity scenario
Selected yearly 
increase rate
If necessary, waste from other sources will be available to cover up to the following 
plant throughput
Average Medium 100%
Figure 59. “W aste input” worksheet section one.
As described in section 3, the WET can provide short-term estimates on the waste 
quantity and composition arising from a development; however, long-term forecast is 
required for the economic analysis and this is modelled through waste scenarios. 
Each scenario is described by a total yearly waste quantity and its composition as 
percentages of the six waste fractions used in WET (cf. section 3), namely: paper and 
cardboard, metal, glass, plastic, putrescible, and other. Three possible initial waste 
scenarios can be considered. They are the “Average”, i.e. the most likely quantity to 
be generated from the development, the “High” and the “Low”, i.e. the upper and 
lower boundary initial quantities. Moreover, their growth over time, expressed as
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yearly percentage change, can be described through another three scenarios: 
medium, fast and slow growth that can use waste growth forecasts, such as those 
published by ERM (2006) or any other source. When combined, they represent nine 
possible scenarios from which to choose as shown in Figure 60.
W aste
quantity
Scenario
W aste  growth  
Scenario
High
Low
M edium
M edium 1 2013 2015 2017 2019 2021 2023 2025 2027 2029 2031 2033 2035 2037 2
Figure 60. Total amount of waste evolution depending on quantity and growth scenario selection.
Additionally to a uniform increase of each waste stream, a yearly percentage change 
for each individual waste stream could be introduced. This feature can be used to 
model different growth, or reductions, in each of the waste fractions and 
consequently, the amount of suitable feedstock available for each EfW technology. An 
example of a possible waste quantity and composition evolution during a project 
lifetime can be seen in Figure 61.
W aste in the High quantity and Fast growth scenario.
1 6 0 0 0
1 4 0 0 0
12000
= 10000
g_ 8 0 0 0  
%
c  6 0 0 0
I
4 0 0 0
2000
□  O ther
■  Putrescible
□  Plastic
■  G lass
□  M etal
□  P a p er and cardboard
O J C V C V J C M C N C M C N C M O J C S I C M C N C M t N C N C N
Year
Figure 61. Quantity and composition change over time with individual growth values for each waste 
stream.
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The percentage of each waste fraction that is suitable to be treated by the different 
EfW technologies is established by the third box in this section. The suitability is 
defined by the technical restrictions of each technology, e.g. anaerobic digestion 
cannot treat non-organic waste, hence the suitability of glass and metal is zero.. This 
parameter also reflects the capture rates, i.e. the percentage of the total generated 
waste that is going to be treated by an EfW technology after some of the waste has 
been taken away for recycling. This is another link between the different research 
parts because these percentages should match those in the environmental model (of. 
Table 27 and Table 28 in sections 11.7.1 and 11.7.2 respectively).
Another parameter that ought to be introduced is the availability of feedstock from 
outside the development. This is done as a percentage of the total design plant 
throughput, i.e. by entering a percentage of 75%  it is assumed that there will be waste 
available from outside the development to make the total up to 75%  of the plant yearly 
capacity, as shown in Figure 62. However, the possibility of signing up the contracts 
to guarantee a constant and reliable feedstock supply to the plant is considered 
complicated and therefore will be one of the qualitative criteria that will need to be 
considered by the stakeholders (cf. Table 1). Gasification and pyrolysis plants deserve 
particular attention on this criterion because their feedstock is pre-processed waste 
thus these technologies rely on external infrastructure to supply them.
Waste sources
16 0 0 0 0  - I
14 0 0 0 0
120000
100000
of total 
capacity8 0 0 0 0
6 0 0 0 0  -
4 0 0 0 0  -
20000  -
□  Spare capacity
■  W a s te  a \ailab le from 
outside the de\«lopm ent
□  W a s te  avÆiilable from 
development
Figure 62. Sources of waste for EfW plant.
Once the waste and growth scenarios have been selected, the model calculates the 
yearly and overall maximum quantities of waste available for the selected scenario as 
well as for the high, i.e. fast growth, and the low, i.e. slow growth, scenarios (of. Figure 
60). This is done using the initial quantities and yearly percentages of growth that are 
then multiplied by the percentages of suitable waste treatment as described above to 
calculate the amount of suitable feedstock for each technology.
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Technology type
Minimum 
economic plant 
throughput for 
current UK 
conditions
Maximum quantity of waste available for each technology from the development
Selected scenario Low quantity and slow growth scenario
High quantity and fast 
growth scenario
Anaerobic Digestion 5,000 1,794 1,435 2.901
Incineration 60,000 5.364 4.291 7.926
Gasification 30,000 5,364 4.291 7.926
Pyrolysis 30,000 5,364. 4.2S1 7 .9 ^
Landfill - 10,000 8,000 14,380
Colour code There IS waste available In the development for the technology to operate economically_______________
I There IS NOT ENOUGH w a^e available in the'dewtapi'i'im n for the technology to operate econowi^llÿ~
Figure 63. Maximum quantities of waste available for each technology and comparison with 
minimum economic feasible throughput.
The obtained results are compared with the minimum techno-economic plant design 
throughputs identified during the technical review and shown again in Table 11. The 
comparison results are presented colour coded, i.e. green meaning that there is 
enough waste and red meaning the opposite. This gives the user an idea of the scale 
of the plant required and its potential feasibility. As an example. Figure 63 shows the 
colour coded comparison results of the maximum waste quantities for the selected, 
and the two extreme scenarios but the model also includes yearly comparison results.
In any case, these comparison results do not prevent the user from selecting a larger 
or smaller plant capacity for which the model will calculate the amount of waste from 
outside the development required each year to top up the waste generated by the 
development to the desired level of throughput as shown in Figure 62.
10.7Mass database worksheet
This worksheet contains data on mass flows relevant to the economic model for every 
EfW technology. The summary table of the mass database worksheet is shown in 
Figure 64 where the values presented are extracted automatically from the worksheet 
databases depending on the technology selected in the project input worksheet. The 
values are expressed as percentages of the plant’s input, e.g. 5%  of recyclable metals 
means that in a 100,000 tonnes per annum plant, 5,000 tonnes per annum of 
recyclable metal by-product will be available.
Mass output
Average value R q. M in Rq. Max Unit
R ecyclable m etal 3% 2% 5% Percentage o f input as recyclab le m eta l
D igestate 0% 0% 0% Percentage o f input as d igesta te
Landfill 25% 20% 30% Percentage o f input d isposed at landfill
Hazardous landfill 4% 2% 6% P ercentage o f input d isposed at hazardous landfill
Figure 64. Mass database worksheet summary table example.
The by-product streams considered are:
•  Recyclable metal. No distinction is made between ferrous and non-ferrous 
because data available is not that specific.
•  Digestate. This is the non-digested output from an AD process and that can be 
solid, liquid or slurry.
•  Landfill. The by-products of the process that are non-hazardous and can be 
disposed of in a sanitary landfill are included in this category.
•  Hazardous landfill. This category covers the hazardous by-products of an EfW 
plant that need to be disposed in controlled hazardous landfills.
Table 12 shows the minimum, average and maximum expected percentages of the 
plant input in weight that will be generated for each solid by-product streams based 
on the assumption that the plant will only be supplied with the suitable feedstock. The 
remaining mass flow is either lost as moisture or through the plant stack. For example.
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there will no recyclable materials from an AD plant or any material that would require 
to be disposed to hazardous landfill. The data sources used to create Table 12 include 
reports and publications by AEA Technology (2007), DEFRA (2007), Yassin (2008), 
Chackiath (2005), C IW M (2003) and Jacobs Babtie (2006; 2006).
Technology Value Digestate Hazardouslandfill Landfill
Recyclable
metal
Anaerobic
Digestion
Minimum 30.0% 0 .0 % 5.0% 0 .0 %
Average 52.0% 0 .0 % 7.3% 0 .0 %
Maximum 60.0% 0 .0 % 15.0% 0 .0 %
Incineration
Minimum 0 .0 % 2 .0 % 2 0 .0 % 2 .0 %
Average 0 .0 % 4.0% 25.0% 3.0%
Maximum 0 .0 % 6 .0 % 30.0% 5.0%
Gasification
Minimum 0 .0 % 1 .6 % 18.0% 0.5%
Average 0 .0 % 2 .0 % 26.0% 5.0%
Maximum 0 .0 % 3.0% 30.0% 1 2 .0 %
Pyrolysis
Minimum 0 .0 % 1 .0 % 1 0 .0 % 0.5%
Average 0 .0 % 2 .0 % 2 0 .0 % 5.0%
Maximum 0 .0 % 3.0% 30.0% 1 2 .0 %
Table 12. Solid mass streams for each technology.
Information in these reports shows that there are no significant differences between 
thermal technologies, apart from incineration plants reporting a higher average value 
(4%) of hazardous waste residues than gasification/pyrolysis (2%) For AD, no 
hazardous waste is generated but a large fraction of the feedstock is transformed in 
digestate that could be costly to landfill if not outlet is found for it.
In the economic model, these percentages are multiplied by the actual quantity of 
waste treated (cf. section 1 0 .6 ) but also by the percentages discussed in section 
10.5.8 to calculate the quantities that can actually be recycled, sold or reprocessed. 
The only exception is fly ash that has to be entirely landfilled as hazardous waste 
(Wheeler and de Rome, 2002).
10.8Energy database worksheet
The energy database worksheet contains information on the energy inputs and 
outputs for the different technologies obtained from reports and information from 
DEFRA (2007; 2008; 2008; 2008), BERR (2006; 2008), Institute for Prospective 
Technological Studies (2005), SLR Consulting (2008), RPS-M CO S (2005), Wheeler 
(2002), McLanaghan (2002), AEA Technology (2007), Livingston (2002), Jacobs Babtie 
(2006; 2006), Integra (2008), Yassin (2008), and Chackiath (2005).
The parameters governing an EfW plant’s energy output are different for biological and 
thermal treatments. The putrescible content, i.e. the mass percentage of total volatile 
solids (TVS) in the feedstock, the biogas production, digestion efficiency and biogas 
energy content are relevant for AD whereas the CV is only relevant for thermal 
treatment technologies. Nonetheless, some other parameters are equally relevant for
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both treatment types, like the thermal and electric efficiency and the associated 
parasitic loads. All of them are shown for an AD plant without CHP in Figure 65.
Waste input
Average value Rq. Min Rq. Max Unit
CV 0 0 0 MJ/kq
Putrescible 25% 14% 31% % of TVS
Energy output
Average value Rq. Min Rq. Max Unit
Ultimate bioqas production 0.870 0.802 1.058 m3 bioqas/kq TVS
Digestion efficiency 74% 74% 89% actual/ theoretical maximum percentage
Bioqas energy content 5.83 5.83 5.51 kWh/m3
Thermal efficiency 0% 0% 0% Thermal output/feedstock energy input
Electric efficiency 33% 30% 35% Electricity output/feedstock energy input
Parasitic thermal load 0% 0% 0% % of generated energy used in the plant
Parasitic electric load 10% 7% 13% % of generated energy used in the plant
Figure 65. Energy database worksheet summary table example.
The gross CV is the total energy content of the fuel expressed in MJ/kg and greatly 
influences the energy generation of thermal EfW plants. However, waste gross CV 
varies depending on its composition, e.g. higher percentages of low calorific fractions 
such as putrescible matter as in residual waste mean lower overall CV whereas RDF 
with high paper and plastic content has higher CV values.
In a thermal treatment plant, the energy in the waste is released through the chemical 
reactions that take place in the combustion chamber. This process is governed by 
thermodynamic rules and hence is limited by thermal efficiency, i.e. just a fraction of 
the energy in the fuel is available as high-grade energy like electricity or high 
temperature heat, whilst a large proportion of the input energy is lost. Moreover, 
mechanical and electric efficiencies in the energy generation and distribution 
processes further reduce the overall process efficiency.
Estimated average net pow er output per tonne of feedstock
1 ,4 0 0  -I
1,200  -
1 .0 0 0  -
800  -
BOO -
4 0 0  -
200  -
A D  with organ ic  Incineration of G asification of Pyrolysis o f
feedstock of 2 5 %  feedstock with C V  o f feedstock with C V  of feedstock with C V  of 
volatile content 9 MJ/kg 12 MJ/kg 12 MJ/kg
Technology and feedstock properties
□  T h e rm al pow er ■  Electric power
Figure 66. Estimated net energy generation per tonne for all EfW technologies.
The higher the energy in the feedstock, i.e. CV, and the process efficiency, the more 
energy that can be extracted and sold from the feedstock. This is shown in Figure 6 6  
graphically and in Table 22 numerically that shows the estimated power outputs and 
energy generation per tonne for different EfW technologies with and withouth CHP. It 
can be seen that gasification and pyrolysis have a clear advantage due to their use of
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RDF with higher CV than residual waste and that incineration thermal output is low 
due to the use of data from UK plants where CHP is uncommon and plants are 
designed to maximise electricity generation rather than heat (cf. Table 14).
The overall thermal and electric efficiencies are gross process efficiencies, i.e. they 
represent the percentage of useful energy extracted from the feedstock. 
Unfortunately, there are some process losses, i.e. the parasitic thermal and electric 
loads that stand for the percentage of the gross energy used within the plant, hence 
reducing the plant’s net energy production. Figure 67 shows these loads 
schematically in an AD plant.
N.1
Electricity to the  grid 
P arasitic  electricity  
P arasitic  heat
Figure 67. Example of net energy production and parasitic loads in an anaerobic digestion plant.
Biogas is generated from the volatile solid fraction of the feedstock and it is mainly 
composed of methane and carbon dioxide (of. section 5.5). An AD plant can generate 
energy by burning biogas and releasing the chemical energy of the methane as heat 
that is then transformed into heat and/or power in a prime mover. However, methane 
is only produced in the last of the several sequential phases taking place 
simultaneously in the AD main digestion tank on steady state, namely: hydrolysis, 
acidogenic and acetogenic and finally methanogenic. These phases and the limited 
digestion time limit the process efficiency to around 75%  of the theoretical maximum 
(Davidsson, Gruvberger et al., 2007).
To represent this whole complex process in the economic model, the putrescible 
content variable describes the percentage of TVS per kilogram of feedstock and it is 
used to calculate the theoretical amount of biogas that could be produced from the 
waste. The TVS content ranges for the organic fraction of MSW  between the values 
shown in Table 13.
The theoretical maximum amount of biogas that could be produced is represented by 
the ultimate biogas production. This parameter depends on the feedstock and is the 
maximum amount of biogas that could be produced per kilogram of TVS processed 
with ideal conditions and infinite time. Table 13 presents the maximum, minimum and 
average normal m® of biogas per tonne of TVS digested as reported by Davidsson
(2007) based on various feedstock component, i.e. fat, protein and carbohydrate, 
compositions. Davidsson’s results agree with other researchers (Banks, 2006) and he 
also reports on the actual biogas production and percentage of TVS transformed into 
biogas. This latter figure is the digestion efficiency parameter and it is less than 100%  
because of the complex chemical process as well as the limited residence time, the 
imperfect mixing, etc.
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Weight %  of 
TVS in the 
organic fraction 
of M SW
Ultimate biogas 
production (Nm® 
C H /to nn e  VS)
Actual biogas 
production (Nm^ 
C H /to nn e  VS)
Digestion 
efficiency (%  of 
TVS degraded 
into biogas)
Maximum 31.5% 1,058 664 89%
Average 24.7% 870 545 80%
Minimum 14.5% 802 445 74%
Table 13. AD feedstock parameters from Davidsson (2007).
Finally, the biogas energy content is proportional to the biogas methane content that 
depends on the feedstock. Typical biogas CV values for the source segregated 
organic fraction of M SW  are around 21 MJ/m^, or 5.83 kWh/m^ (Jense and Jensen, 
2000; Aichberger, 2008), which is 55%  of the typical CV of methane (38 MJ/m®). 
However, using Davidsson’s (2007) average content of 61%  of methane in the biogas 
it could be as high as 6.51 kWh/m^.
It is a complicated task to generalise the thermal and electric efficiencies of an EfW  
technology given the huge range of different prime movers, plant configurations, and 
possible variations that exist in reality, and even more difficult to cover the potential 
future designs. Furthermore, existing reports do not use a consistent methodology 
and published figures are sometimes not readily comparable, e.g. efficiencies refer to 
gross or net CV. Nonetheless, it is not within the objectives of this research to provide 
an exact an accurate efficiency value for an exact plant, but to use existing data to 
help in the selection of a technology. Therefore, after ensuring a coherent set of data 
has been gathered, an average value for the property being considered is provided as 
well as a variation range for it. Nonetheless, a sensitivity analysis will be carried out to 
analyse the effects these parameters in the final economic results.
Table 14 summarises the average values and ranges included in the model’s energy 
database where it can be seen that CHP plants have higher overall efficiencies, but at 
the expense of slightly reducing their electric efficiencies if compared with electricity 
only plants (Institute for Prospective Technological Studies, 2005).
Technology: AD with CHP AD without CHP
Parameter Unit Min. Avg. Max. Min. Avg. Max.
Putrescible
%  of TVS in 
feedstock 14.5% 24.7% 31.5% 14.5% 24.7% 31 .5%
Thermal
efficiency
Thermal output/ 
feedstock energy 
input
39.3% 49.7% 60.0% 0 .0 % 0 .0 % 0 .0 %
Electric
efficiency
Electricity output/ 
feedstock energy 
input
17.6% 25.6% 33.6% 30.0% 33.0% 35.0%
Parasitic 
thermal load
%  of generated 
energy used in the 
plant
2 0 .0 % 33.3% 40.0% 0 .0 % 0 .0 % 0 .0 %
Parasitic 
electric load
%  of generated 
energy used in the 
plant
7.0% 9.6% 1 1 .0 % 7.0% 1 0 .0 % 13.0%
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Technology: Incineration with CHP Incineration without CHP
Parameter Unit Min. Avg. Max. Min. Avg. Max.
CV MJ/kg 9.0 9.5 1 1 . 0 9.0 9.5 1 1 . 0
Thermal
efficiency
Thermal output/ 
feedstock energy 
input
1 2 .0 % 13.0% 58.0% 0 .0 % 0 .0 % 0 .0 %
Electric
efficiency
Electricity output/ 
feedstock energy 
input
14.0% 16.0% 27.0% 1 2 .0 % 2 1 .0 % 27.0%
Parasitic 
thermal load
%  of generated 
energy used in the 
plant
15.6% 26.0% 38.0% 0 .0 % 0 .0 % 0 .0 %
Parasitic 
electric load
%  of generated 
energy used in the 
plant
1 0 .0 % 1 1 .0 % 36.0% 5.0% 1 0 .0 % 32.0%
Technology: Gasification with CHP Gasification without CHP
Parameter Unit Min. Avg. Max. Min. Avg. Max.
CV MJ/kg 1 2 . 0 14.0 18.5 1 2 . 0 14.0 18.5
Thermal
efficiency
Thermal output/ 
feedstock energy 
input
30.0% 36.0% 40.0% 0 .0 % 0 .0 % 0 .0 %
Electric
efficiency
Electricity output/ 
feedstock energy 
input
9 .0% 19.0% 30.0% 9.0% 2 1 .0 % 30.0%
Parasitic 
thermal load
%  of generated 
energy used in the 
plant
3 .0% 5.0% 7.0% 0 .0 % 0 .0 % 0 .0 %
Parasitic 
electric load
%  of generated 
energy used in the 
plant
1 0 .0 % 1 1 .0 % 36.0% 5.0% 1 0 .0 % 32.0%
Technology: Pyrolysis with CHP Pyrolysis without CHP
Parameter Unit Min. Avg. Max. Min. Avg. Max.
CV MJ/kg 1 2 . 0 14.0 18.5 1 2 . 0 14.0 18.5
Thermal
efficiency
Thermal output/ 
feedstock energy 
input
21.9% 29.0% 36.0% 0 .0 % 0 .0 % 0 .0 %
Electric
efficiency
Electricity output/ 
feedstock energy 
input
18.0% 2 0 .0 % 25.0% 16.9% 2 1 .0 % 25.0%
Parasitic 
thermal load
%  of generated 
energy used in the 
plant
15.0% 18.1% 2 0 .0 % 0 .0 % 0 .0 % 0 .0 %
Parasitic 
electric load
%  of generated 
energy used in the 
plant
1 0 .0 % 16.6% 2 0 .0 % 1 0 .0 % 16.6% 2 0 .0 %
Table 14. Energy database values for all EfW technologies with and without CHP.
Pablo Izquierdo Lopez
EngD Dissertation Volume Page 135
10.9Technology ratios database worksheet
The technology ratios database holds information regarding plant lifespan as well as 
the land required and the number of employees for different technologies and plant 
capacities.
Technology ratios
Average value Rg. Min Rg. Max Unit
Life span 27 20 50 Years
Land ratio 0.022 0.005 0 .054 Hectares per thousand tonnes treated
Employee ratio 0.317 0.200 0.731 Num ber of employees per thousand tonnes treated
Figure 68. Technology ratio database worksheet summary table example.
Table 15 presents the average value of the plant lifespan as well as employee and land 
ratios for the different EfW technologies with data from the WRATE database 
(Environment Agency, Golder Associates et al., 2007), plus figures from AEA 
Technology (2007; 2007; 2008), Wheeler (2002), Buro Happold (2008) and Biogen
(2008). Other data also compiled includes plant lifetime estimates in PFI contracts 
(Jacobs Babtie, 2006; Jacobs Babtie, 2006), plant design specifications registered in 
the Waste Technology Database of the Environment Agency (2006) and previously 
published reports (Chackiath and Longhurst, 2005; DTI, 2007).
Unit AnaerobicDigestion
Gasification/
Pyrolysis Incineration
Life span Years 19.0 21.3 27.3
Land ratio Ha/ktpa 0.053 0.028 0 . 0 2 1
Employee ratio emp/ktpa 0.239 0.291 0.316
Table 15. Average life span, land ratio and employee ratio for various technologies.
The life span value represents the projected life of a plant in years. However, this is 
usually just the economic life span, i.e. the plant will last longer if provided with 
adequate maintenance and within normal operation conditions. Life span information 
is clearly summarised by AEA Technology (2007) that reports a general range of 20 to 
30 years for all EfW technologies. Data in Table 15 suggest that AD plants have the 
shortest life span expectancy followed by gasification/pyrolysis and then incineration.
Em ployee ratio for d ifferent EfW technologies
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Figure 69. Employee ratio histogram for different technologies.
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The employee ratio is calculated dividing the number of full time employees by the 
plant’s capacity in thousands of tonnes per annum (ktpa). Figure 69 shows the 
detailed distribution of the employee ratios for different technologies whereas Table 15 
showed only the average results numerically. AD presents the lowest employee ratio 
reflecting perhaps the simplicity of the technology whereas incineration has the 
highest average ratio quite similar to gasification and pyrolysis.
Similarly, the land ratio is calculated dividing the footprint of the plant in hectares by 
the capacity of the plant in thousands of tonnes per annum. Figure 70 shows the 
relative frequency histogram whilst Table 15 only showed the average results 
numerically.
Land ratio for different EfW technologies
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Figure 70. Land ratio histogram for different technologies.
The land ratio figures in Table 15 are in contradiction with the widely accepted fact 
that gasification/pyrolysis plants are usually more compact than incineration plants 
(Marel, 2001; Bridgwater, 2003; CIW M, 2003). Some reasons for this discrepancy may 
be:
•  Source of the information. In particular, for incineration, plant footprints are 
mostly taken from the WRATE internal database whereas for the other 
technologies, they are predominantly from the Environment Agency’s Waste 
Technology Data Centre (WTDC) database (Environment Agency, 2006). Ratios 
calculated with WRATE data are consistently smaller than those from other 
sources on all other technologies.
•  There is not a common criterion to report plant footprints. For example, some 
sources consider only the main building footprint whereas others include the 
ancillary buildings and infrastructure, e.g. weighbridge, access roads, etc. 
Although the latter is preferred, the sources usually provide data without a 
clear explanation of what they include.
•  Incineration plants already exist and their areas can readily be obtained 
whereas that is not possible yet for gasification/pyrolysis plants. Moreover, 
many gasification/pyrolysis plants are at planning stages when required areas 
are usually overestimated.
Therefore, further research will be necessary to verify the truth of the common 
statement that gasification/pyrolysis plants are more compact than incinerators for the 
same capacity (cf. section 15.7).
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10.100perational costs
Operational costs (opex) in the model are exclusive of capital cost repayments and 
interest that are calculated separately in the capital cost (capex) worksheet. The 
remaining operational costs are covered in this section. These can be roughly grouped 
under the headings: labour, maintenance, disposal and other.
Previous reports have analysed the distribution of EfW facilities’ operational costs, 
particularly incineration and the percentages presented in Table 16 are quite 
consistent even when compared with Danish data (Ramboll). These percentages are 
not found in the original sources but are calculated approximately after excluding 
capital-related costs and the average results are represented graphically in Figure 71.
Eunomia
(2 0 0 2 )
Ramboll
(2006)
Livingston
(2 0 0 2 )
SLR
Consulting
(2008)
Labour 26-33% 33% 23% 30%
Maintenance/consumable
s
27-30% 25% 39% 50%
Disposal 19-24% 31% 28% 2 0 %
Other 23-13% 1 1 % 1 0 % 0 %
Table 16. Distribution of operational costs in incineration facilities.
Average distribution of o perational costs in incineration plants
25.3%
\  29.1%
□  Labour
■  M aintenance/consum able
□  Disposal
□  Other
35.8%
Figure 71. Average distribution of operational costs in incineration plants.
The following list shows how the economic model operational cost headings match 
the categories reported in Table 16:
•  Labour: Labour costs and overheads
•  Maintenance and consumables: Maintenance, consumables plus vehicles
• Disposal: Hazardous and non-hazardous landfill
•  Other: Insurance, transport and district heating extra costs
Figure 72 presents the variation of operational costs for an incineration plant, with and 
without CHP, at different scales.
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O pex distribution  in Incineration  plants
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
I I I I ■ I
0% -
60 ktpa with 
CHP
60 ktpa 
without CHP
150 ktpa with 
CHP
150 ktpa 
without CHP
250 ktpa with 
CHP
250 ktpa 
without CHP
□  o th er 18.9% 11.9% 17.3% 10.2% 16.5% 9.4%
□  Disposal 30.3% 33.6% 32.7% 36.1% 34.1% 37.6%
■  M aintenance 31.0% 32.7% 28.4% 30.0% 27.2% 28.7%
n  Labour 19.7% 21.9% 21.5% 23.7% 22.1% 24.4%
Figure 72. Operational costs distribution for incineration plants according to the economic model.
Only small differences appear between the proportion of disposal and other costs that 
are higher in the model than reported. The former is probably due to the increase in 
landfill tax and the latter because other costs incorporate the additional costs of DH 
that might have not been considered in the original sources.
O pex
Year
Start date 
End date
Landfill
0 1 2  3
2008 01/01/2008 01/01/2009 01/01/2010
31/12/2008 31/12/2009 31/12/2010
49 50
01/01/2046 01/01/2047  
31/12 /2047  31/12 /2047
Landfill Tax E/tonne Average 32.0 40.0 48.0 119.4 121.7
Possible range of 
landfill tax
E/tonne Min 32.0 40.0 48.0 48.0 48.0
E/tonne Average 32.0 40.0 48.0 119.4 121.7
E/tonne Max 32.0 40.0 48.0 291 .6 303 .3
E/tonne Custom 32.0 40.0 48.0 119.4 121.7
Landfill tax info 
source:
2007 Budget. Paragraph 3.34:The Budget announces that the landfill tax escalator will rise by E8 per 
tonne per year from 2008 until at least 2010-11. 
http://www.hm-reasury.gov.uk/budget/budget_07/report/bud_budget07_repindex.cfm
Non-haz landfill gate E/tonne Average 21.0 21.0 21.0 21.0 21.0
Possible range of 
non-haz landfill gate 
fee
E/tonne Min 20.0 20.0 20.0 20.0 20.0
E/tonne Average 21.0 21.0 21.0 21.0 21.0
E/tonne Max 22.0 22.0 22.0 22.0 22.0
E/tonne Custom 21.0 21.2 21.4 33.9 34.2
Non-haz landfill gate 
fee info source:
Landfill gate fees, reflect more competition and also the decrease in number of landfills hence are 
increased by 1 % each year as described by the PFI for Leeds. This is in agreement with other 
sources like the forecasted evolution of landfill gate fees according to Eunomia (Eunomia, 2007) 
shown in Figure 17 and the range of E12 to E30 by (AEA Technology, 2007) o rE 1 2  to 26 by
(Enviros, 2003).
Figure 73. Opex worksheet structure.
Figure 73 shows the operational costs, or opex, worksheet structure. For each of the 
costs considered by the model, namely landfill, labour, admin, maintenance, 
consumables and transport, three scenarios are included: minimum, average and 
maximum. These represent, similarly to the other worksheet databases, the highest 
and lowest expected evolution of a parameter as well as the average forecast 
evolution based on several sources. A fourth “custom” scenario is also implemented
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to allow a customised representation of the evolution of each variable with time in 
addition to the other scenarios. The custom scenario can be used to explore particular 
“what-if” scenarios.
The following sub-sections describe the different costs being considered as well as 
their potential evolution.
10.10.1 Landfill costs
Landfill costs comprise the gate fees for non-hazardous and for hazardous wastes as 
well as the landfill tax. They are expressed in £ per tonne.
Similar to gate fees for other technologies, there are no exact prices for landfill gate 
fees because they depend on “spare capacity and local market conditions” (WRAP,
2008). Moreover, to reduce the uncertainty of future costs, undisclosed long-term  
fixed price contracts are sometimes signed between landfill operators and users. 
Despite being difficult to gather information, some sources have been found. For 
example. Grant Thornton (2008) in Bradford’s PFI business case expects a fix gate fee 
of £18/tonne, whereas Jacobs (2006; 2006) in the business case for Leeds’ PFI 
expects £15/tonne with a yearly 1%  increase. Finally, the South Tyne & Wear Waste 
Management Partnership PFI proposal (2007) estimates figures of around £23/tonne 
and slight increases with time. Data from these PFI proposals is in line with other 
sources that quote a range between £12 and £30 per tonne (Enviros, 2003; AEA 
Technology, 2007; Eunomia, 2007 ,Electricity mix database). Although WRAP (2008) 
reports even higher landfill gate fees of £40 per tonne.
Hazardous waste gate fees are usually quoted at £150 per tonne (Jacobs Babtie, 
2006; Jacobs Babtie, 2006; Grant Thornton, 2008) in line with a report by Environment 
Agency (2003). Other estimates quote £200 per tonne (Grant Thornton, 2008) and 
overall there is an agreement that fees will increase with time.
Q 12: After 2010, should the landfill 
tax escalator rise by:
43%
12%n
15%
Estimated average amount of 
money by which the Landfill Tax  
escalator should rise =£9 per year
Data from the S tate of the Nation 
report 2008
17%
3%
n n 1 1
£0
per
year
£ 1-5
per
year
£6-10
per
year
£11 -15
per
year
£16-20
per
year
£21 -25
per
year
More than 
£25  per 
year
Unstated
Figure 74. Expected landfill tax increase by local authorities (MRW, 2008).
The results of a survey of Local Authorities (of. Figure 74) shows that they expect an 
average rise of £6-10 a tonne on the landfill tax. This tax, applies since 1996, for both 
hazardous and non-hazardous wastes disposed in landfill. The Chancellor announced 
in the 2007 budget (HM Treasury, 2007) that landfill tax will rise by £ 8  per tonne per 
year from the £2 4/ton ne in 2007, making it £32/tonne in 2008 and so on until at least 
2010/11. Some PFI contracts estimate that the tax will keep on increasing up to
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£80/tonne although many others assume no Increase of landfill tax above HM 
Treasury figures (Grant Thornton, 2008).
The current minimum, average and maximum gate fees are represented by the 
different sets of discrete values that contemplate the evolution with time. Estimated 
possible values of non-hazardous landfill gate fees range between £12 and £30 per 
tonne with averages of around £21 and are expected to remain flat. Similarly, 
hazardous landfill gate fees are represented by three sets of discrete values at £150  
and £200 per tonne with the average being £175 per tonne. Contrarily to landfill gate 
fees that are expected to remain flat, the landfill tax will increase sharply as budgeted 
at least until 2010 but it will have an uncertain evolution after. Therefore, the landfill tax 
evolution has been modelled with three discrete set of values. Firstly, a possible flat 
evolution. Secondly, a more likely situation where it will increase until stated in the 
budget and then it will have 2 % increase in line with inflation after and finally a longer 
steep increase until £80/tonne and then a 2%  increase as shown in Figure 75.
Possible scenarios  o f landfill tax  evolution
140
120  ■
100  ■
80 •II
Ü  60 ■
40 ■
20 ■
-£ /tonn e Min -£ /tonn e A v e ra g e  fVtonne Max
Figure 75. Possible scenarios of landfill tax evolution
10.10.2 Labour costs
Labour costs comprise the total costs paid to the employees in the EfW plant. No 
salary difference has been found between the different EfW technologies (South Tyne 
& Wear Waste Management Partnership, 2007). Moreover, despite salaries depending 
on expertise, responsibility, etc. (Eunomia, 2002) a representative average figure is 
used in this research similarly to some PFI cases used as reference (South Tyne & 
W ear Waste Management Partnership, 2007).
Depending on the source, labour cost range between £20,000 to £30,000 per year per 
employee (AEA Technology, 2007; Castillo-Castillo, Leach et al., 2008) with average 
figures closer to the higher end, e.g. £29,000, assumed in the South Tyne & W ear PFI
(2007) and the Cornwall waste strategy (AEA Technology, 2007). These three values 
have been adopted as the extreme quartiles and median set of values respectively for 
labour costs in the economic model and are expected to remain fixed for the length of 
the project.
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In order to calculate the total labour costs, the average labour cost figure will be 
multiplied by the estimated number of full time employees according to the data from 
the technology ratio database.
10.10.3 Admin
The operation of an EfW facility involves some administrative costs such as 
overheads, insurance, etc. and they have been incorporated in the economic model.
These costs are usually expressed as percentages of other costs of the facility. For 
example, overheads are quoted as an additional 10%  to 20%  of labour costs (AEA 
Technology, 2007) or more precisely 17.5%  in South Tyne & W ear PFI (2007) and 18%  
in the Cornwall waste strategy (AEA Technology, 2007).
Another admin cost is insurance. It is usually expressed as a function of the capital 
value of the civil engineering of the building and the equipment it contains. A capital 
cost break down distribution can be found in Table 17. Values of 1 %  of the equipment 
plus another 1%  of the civil engineering costs are used in the PFI proposal for South 
Tyne & W ear (2007) whereas the Cornwall strategy (AEA Technology, 2007) has figures 
of 1 .6 % of the capital costs for incineration and gasification plants.
In this research, insurance costs are calculated as a percentage of the plant capital 
costs with a median value of 1 %  and the minimum and maximum quartiles being 
0.4%  and 1.6%  respectively. Overhead costs are calculated as a percentage of the 
labour costs, ranging from 10%  to 20%  with a median value of 17.5% . Finally, these 
values are not expected to change with time so these values are used throughout all 
the project lifespan.
10.10.4 Maintenance
Maintenance is required for the mechanical and electrical (M&E) equipment as well as 
for the building. Usually, maintenance costs are set aside on a continuous base 
although major maintenance usually only takes place once a year with more extensive 
overhauls carried out every four to seven years (South Tyne & W ear Waste 
Management Partnership, 2007; Grant Thornton, 2008). Because maintenance costs 
are related to M&E equipment and civils costs, they are usually estimated as a 
percentage of them.
In the business case of the Project Transform Waste PFI (Grant Thornton, 2008) 
maintenance costs represent around 0 .3%  of the total capital costs although they are 
not lumped together but spread amongst different cost items. Similarly, in the 
Cornwall waste strategy (AEA Technology, 2007) maintenance costs are estimated as
1 %  of the civils costs and 4%  of the M&E for any EfW plant. Finally, in the South Tyne
& W ear PFI (2007) for an AD plant, the percentages are between 1 and 2%  of the civils 
and 3.5 %  of the M&E.
Table 17 relates these figures with respect to total capital costs with information from 
the above sources.
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AD Thermal treatment
Maintenance
costs
Capital
cost
breakdown
Maintenance
costs
Capital
cost
breakdown
Civils 1.5% 45% 1 .0 % 17%
M&E 3.5% 52% 4% 80%
Development 0 .0 % 3% 0 .0 % 3%
%  over total 
costs
- 2 .5% - 3 .3%
Table 17. Maintenance costs for EfW facilities.
In summary, a range of between 0 .3%  to 3 .5%  with a median value of 2 %  of the plant 
capital costs has been used in this research to model maintenance costs and it has 
been assumed that it will remain constant.
10.10.5 Consumables
Consumables are substances used in the operation of the plant. They include the 
chemical compounds used in clean-up equipment, e.g. lime, fuel for the vehicles used 
on site, lubricants for the machinery, etc. (Environment Agency, Golder Associates et 
al., 2007).
Table 18 presents the ranges of consumable costs in pounds per tonne treated for 
different EfW technologies as reported by several sources.
All figures in 
£/tonne
Incineration
and
gasification
(1 )
Incineration
(2 )
Gasification 
and 
Pyrolysis (2)
AD
(3)
Incineration 
with CHP  
(3)
Consumable 
s fuel, power
2.4 0.5-2 1-3 4-5.2 2 . 6
Vehicles on 
site 1 . 0 0.5-2 1-3 1.1-4.5 1 . 1
Total 3.4 1-4 2 - 6 5.1-9.7 3.7
Sources: 1.- (AEA Technology, 2007); 2 .- (AEA Technology, 2007) and 3 .- (South 
Tyne & W ear Waste Management Partnership, 2007)
Table 18. Consumable costs for EfW facilities.
In summary, a minimum quartile cost of £1 per tonne is set whereas £10 per tonne is 
used as the high quartile. The median value is fixed at £5 per tonne and as with the 
quartiles, it is assumed to remain constant with time.
10.10.6 Transport
As mentioned in section 10.5.1, transport costs involve the payment of off-site 
transport vehicles for taking the plant’s residues to their final outlets, e.g. non- 
recyclable bottom ash to landfill. Importantly, the costs of transporting feedstock to 
the EfW facility or by-products from it are external costs to the plant hence not
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incorporated in the model. Nevertheless, their associated environmental impacts are 
still accounted by WRATE when the whole waste management scenario is considered.
Transport distances vary depending on the chosen site and the location of the final 
disposal facilities. In the project input worksheet, average distances and vehicle loads 
are entered (cf. section 10.5.1). With the information from the mass balance 
worksheet, and knowing how much is actually disposed or reused (cf. section 10.5.8), 
the yearly generated amount of residues needing disposal from the plant can be 
calculated. Then using the average distances and the average cost per tonne and per 
kilometre the annual costs are estimated.
In the South Tyne & W ear PFI proposal (2007), transport costs are estimated at £0.15  
per tonne per km. The Coventry PFI (Grant Thornton, 2008) quotes £0.25 tonne per 
mile which is equivalent to £0.16 per tonne per kilometre. In a report by AEA 
Technology (2007) for DEFRA, transport costs of residual materials from thermal 
treatment plants are between £1.5 and £1.8 per km. To transform these costs per km 
into prices per tonne and per km, an average capacity range of transport trucks 
between 8  and 17 tonnes has been obtained from WRATE’s databases transforming 
these costs into a range of £0.08 to £0.22 per tonne per kilometre. Therefore, these 
costs will be used as the extreme quartiles in the set of discrete values used to model 
transport costs whereas a cost of £0.15 per tonne per kilometre will be used as the 
median. Finally, these costs are expected not to change greatly with time.
10.10.7 Additional operational costs due to district heating
No detailed information was found on the additional operational costs that may be 
borne by CHP plants, but it can be envisaged that these plants will have higher costs 
due to pumping, maintenance of the network and the heat exchanger and customers’ 
connection management (ILEX Energy Consulting, 2005, Annex B).
However, because of the lack of data, no set of possible extra costs are incorporated 
in the model although the user can introduce a fixed percentage increase, which is set 
to zero by default, via the “Additional opex due to district heating” parameter in the 
“project input” worksheet (cf. section 10.5.7).
10.11 Revenues
The revenues worksheet has a similar structure to the “opex” worksheet as shown in 
Figure 73 although it incorporates material prices, gate fees and the evolution of 
electricity and heat prices, doubled up for the retail and wholesale markets.
10.11.1 Gate fees
Gate fees are the price that waste producers, waste disposal authorities, etc. pay to 
waste treatment plants to dispose of their wastes. They are expressed as £ per tonne 
and driven by market forces (WRAP, 2008). Nonetheless, there is not an open public 
market and they are usually fixed, and therefore undisclosed and confidential, in 
commercial contracts. Nevertheless, information on gate fees can sometimes be 
obtained from commercial promotions, PFI estimates, minutes of council meetings, 
etc. Different reports have tried to cover this information gap with either general 
estimates (DEFRA, 2007) or through a survey of local authorities (WRAP, 2008).
Gate fees usually decrease with plant capacity because of the economies of scale 
(Tsilemou and Panagiotakopoulos, 2006), but this can be distorted by market
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pressures, long time agreements, or financial incentives. For example, Eunomia (2002) 
reports that as a result of implicit and explicit incentives to incineration, e.g. most of 
the capital investment is paid for by central government using Private Finance 
Initiatives (PFI), local authorities pay low gate fees. Enviros (2003) said that plants 
operating for long term had low gate fees and that prices were increasing, in 
agreement with WRAP (2008) which reports lower prices for facilities built before 2000  
than newer ones.
Regarding EfW gate fee evolution, WRAP (2008) has identified two opposed 
possibilities but no clear evolution pattern. On one hand, a potential increase in landfill 
costs including gate fees and taxes would allow an increase in EfW gate fees. On the 
other hand, increased competition could drive gate fees down at least for the waste 
that is not tied in long term agreements. Therefore, it has been assumed that gate fees 
will not change with time, although the possible effect of their change will be assessed 
in the sensitivity analysis section (cf. section 13).
In the economic model, collected gate fee data are fitted to a line adjusted to minimise 
the sum of the squared residuals, i.e. the square of the mathematical distance 
between the actual data and the estimated data. It has been assumed that the best-fit 
line will be best represented by (Eq. 3), where a and b are coefficients to be 
determined. Gate fees in £ per tonne can be represented by this type of equation with 
b<0 whereas total capital costs, i.e. not per tonne, (cf. section 10.13) can be 
represented with b< 1  :
y = a-x^ (Eq. 3)
Additionally to the best-fit line, upper and lower 95%  confidence intervals are 
calculated. However, because of the non-linear regression, calculating these 
confidence intervals is not straightforward and collected data were transformed 
logarithmically to work with a linear best-fit problem. Additional information on these 
calculations can be found in an appendix VII.
The best-fit line is used to estimate the gate fee per tonne for the desired plant design 
throughput consigned in the “project input worksheet”. Moreover, the upper and lower 
confidence intervals give an indication of the estimation accuracy.
The same approach is used to calculate capital costs as described in section 10.13 
although in that case, the total cost of the facility is calculated rather than the cost per 
tonne.
10.11.1.1 Anaerobic digestion
Information on AD gate fees have been compiled from current and past national waste 
strategies e.g. DEFRA (2006; 2007), other proposed legislation (Ernst and Young, 
2007), academic research (Energy Systems Research Unit, 2004) or leading 
manufacturers (Chessire, 2006).
Figure 76 shows the collected gate fees in £/tonne for AD plants as blue dot with the 
best-fit line dashed in black and the upper and lower 95%  confidence intervals in 
dashed red lines. The lack of data means that the confidence interval is very wide and 
that mathematically the lower 95%  confidence interval is zero.
The best-fit line lies within the gate fee range of £30 - £60 found by the WRAP survey
(2008) and is in agreement with figures by Eunomia (2007) that suggests gate fees for 
systems where garden waste is co-digested along with food waste of between £45  
and £65/tonne.
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Figure 76. Gate fee best fit and 95% confidence interval lines for AD plants
10.11.1.2 Incineration
Similarly to AD, incineration plant gate fees have been obtained from DEFRA (2006;
2007), as well as consultants’ reports (Livingston, 2002; AEA Technology, 2007; Ernst 
and Young, 2007) that informed waste strategies, new legislation, etc. The information 
compiled is presented graphically in Figure 77 with the best-fit and 95%  confidence 
interval lines.
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Figure 77. Gate fee best fit and 95% confidence interval lines for incineration plants
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The best-fit line generated by the model falls within the ranges of some generic gate 
fee quotes. For example for WRAP (2008), average gate fees for all incineration plants 
in the UK are quoted at £71/tonne within a range of £31 to £136/tonne. However, the 
same report found that post- 2 0 0 0  facilities, i.e. perhaps not yet amortised, charge a 
higher average of £80/tonne with a range of £65 to £136/tonne. A report by Eunomia 
(2002) quotes gate fees for incinerators between £41 and £ 6 6  that when updated to 
2008 prices using (Eq. 1) equate to £50-£80/tonne. Enviros (2003) provided some gate 
fee estimates for incineration plants with figures around £60 per tonne ( £ 6 6  at 2008  
prices) for a 100,000 tonnes facility, £50 to £55 per tonne (£55 to £60 at 2008 prices) 
for a 200,000 tonnes plant. Enviros has reported prices of £30/tonne (£33 at 2008  
prices) in facilities that have been in operation for some years and forecasts that gate 
fees are likely to increase.
10.11.1.3 G asification/Pyrolysis
Gate fees for commercial scale UK gasification plans are not yet available because the 
only gasification/pyrolysis plant in operation in the UK is the demonstration Compact 
Power (now Ethos Energy) facility in Avonmouth that operates mainly on clinical 
waste. Because of the hazardous feedstock that attracts very high fees and its small 
size, the information obtained from it during a visit in November 2008 is not 
representative.
Nonetheless, data has been compiled from sources that have provided gate fee 
estimates, such as the England waste management strategy (DEFRA, 2007), the 
Cornwall regional waste strategy (AEA Technology, 2007) and reports reviewing 
different EfW technologies (Associates in Industrial Ecology, 2003). The information 
obtained as well as the best-fit line and the confidence intervals are shown in Figure 
78.
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Figure 78. Gate fee best fit and 95% confidence interval lines for gasification/pyrolysis plants
The best-fit line for small capacities lies within the range of £65 to £75 (£72 to £90 at 
2008 prices) per tonne available from European sources (Enviros, 2003) although at 
larger capacities, i.e. above 75,000 tpa, lower gate fees are expected by the model.
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10.11.2 Energy
Long-term energy prices forecasting, i.e. electricity and heat prices in 30 years, is 
such a complicated and imprecise exercise that very little information has been found. 
It is out of the scope of this research to explore the reasons behind the energy price 
evolution so estimates from other reputable sources have been used (DTI, 2004; 
Oxera, 2007; BERR, 2008; BERR, 2008). Nonetheless, the impacts of the potential 
variation of energy prices will be assessed using sensitivity analysis (cf. section 13).
Furthermore, energy can be sold in retail or wholesale markets as described in section 
10.5.8; hence, the potential evolution of these two markets had to be analysed and in 
this research, this evolution has been represented using three different discrete set of 
values similarly to those used to model the opex evolution in section 1 0 . 1 0 .
In the past, energy prices have generally increased as shown in Figure 79 and Figure 
80, although in real constant prices, energy is cheaper now than in the past (DTI, 
2004). Figure 79 shows historic UK electricity prices for retail consumers.
Electricity prices In UK
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Figure 79. Retail and industrial electricity price evolution in UK (International Energy Agency, 2007) 
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Figure 80. Recent electricity market price evolution for different client sizes (BERR, 2008)
DTI (2007) has published some estimates of wholesale electricity prices showing two 
relatively stable price scenarios but also a potential decrease as shown in Figure 81.
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Figure 81. Electricity market forecast (Oxera, 2007)
More recently, DTI’s successor BERR has published also a long-term forecast using 
2005 as base year for prices (BERR, 2008). In the report, wholesale electricity, 
assumed to be generated by an industrial CHP unit, is priced at 251.3/M W h in 2020  
whereas retail electricity is priced at £89.4/M W h.
In summary, official sources show not only disparity in the potential evolution, but also 
in the prices that could be achieved and consequently, different business cases use 
different figures. For example, in the Leeds PFI, wholesale electricity is priced at 
225/M W h (Jacobs Babtie, 2006; Jacobs Babtie, 2006) whereas the South Tyne & 
Wear PFI (2007) has contemplated prices between 230/M W h and 240/M W h although 
used the conservative 230/M W h in the modelling. Other reports quote prices between 
£40/M W h and £80/M W h (Chackiath and Longhurst, 2005) in agreement with other 
sources, e.g. £40/M W h (Grant Thornton, 2008) or £45/M W h for heat generated in a 
gasification/pyrolysis facility (Cooper, 2002). A recent report on decentralised energy 
quotes prices of £45/M W h to £47/M W h (Buro Happold Engineers, 2008) and UK 
feasibility studies have used £60/M W h (Buro Happold Engineers and SLR Consulting 
Ltd., 2008).
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Figure 82. Wholesale and retail possible electricity price evolution with time
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Compiling these data, Figure 82 summarises the three considered price evolution 
discrete sets for wholesale and retail electricity used in the economic model:
Similarly to electricity, heat prices need to be modelled and three sets of value, e.g. 
the extreme quartiles and the median, have been used to model the wholesale and 
retail price evolution with time. However, some difficulties arise when modelling heat 
prices:
• There is no national heat market, nor a distribution network. Therefore, heat 
can only be sold through private agreements and through specific 
infrastructure. In this case, EfW heat will displace the use of other alternatives 
as gas boilers or electricity heating. Given the prevalence of the former, it has 
been assumed that EfW heat will displace heat produced in gas boilers.
• Gas is a fuel, hence heat prices can be referred to gas prices but only if the 
efficiency of the process is taken into account. It can be assumed that 
condensing boilers will be used with a seasonal efficiency of 90% , i.e. band A 
in the “Seasonal efficiency of a domestic boiler in the UK” rating (BRESCU,
2009).
Moreover, DH is mainstream in Northern and Easter Europe (BERR, 2008) but only 4%  
of the total UK building floor area is served by DH schemes (BERR, 2008) and EfW 
schemes, e.g. Nottingham, supply just a fraction of that. This lack of market is 
sometimes represented by accounting the potential heat revenues as zero (Grant 
Thornton, 2008). It is out of the scope of this research the detailed assessment of heat 
demand, but several initiatives are being discussed to map heat demands around heat 
sources. These include the “Industrial Heat M ap” (AEA Technology, 2008) originally 
commissioned by DEFRA but now managed by DECO, and the exercise carried out by 
the ICE (2009).
Nonetheless, as an indication of the possible heat price, the recent gas price evolution 
compiled by BERR is shown in Figure 83.
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Figure 83. Recent gas market price evolution for different client sizes (BERR, 2008)
In the supporting documents of the renewable heat obligation consultation (AEA 
Technology, 2005), heat is priced at £10/M W h. It is also added that for EfW schemes, 
some additional distribution infrastructure would be needed that might add between
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£10/M W h and £20/M W h. In the economic model, this additional cost is reflected in 
the increased capital cost of the plant when the DH option is considered. In other 
business cases, wholesale heat is priced between £ 8 /M W h (Grant Thornton, 2008) 
and £10/M W h (South Tyne & Wear Waste Management Partnership, 2007).
In the same long-term forecast already used for electricity, BERR (2008) estimates that 
the price of the heat for a retail market using gas boilers would be £27.9/M W h in 2020. 
For the wholesale market, the estimated price is £18.6/M W h.
To estimate current heat prices from EfW schemes, two case studies have been used. 
First, the Shetland Heat Energy and Power plant in Lerwick (Shetland Heat Energy and 
Power, 2008) that offers the same prices for residential and industrial users with a 
basic charge of £34/M W h from April 2008. The second case study considered is the 
EfW DH scheme in Sheffield. The price of heat is index linked to prices of alternative 
fuels for the duration of the supply contract (Veolia, 2008). However, there is no 
explicit heat price mentioned. Heat supply prices of £30/M W h have been used in 
recent projects (Buro Happold Engineers and SLR Consulting Ltd., 2008).
In summary, using this information three discrete sets of heat price evolution with time 
have been modelled for wholesale and retail heat as represented in Figure 84.
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Figure 84. Wholesale and retail possible heat price evolution with time
The scenarios used in the model, are generally in agreement with those published 
after the model was built by DECC (2009) in July 2009 as part of the Low Carbon 
Transition plan (DECC, 2009). The only discrepancy being with the heat central and 
minimum retail scenarios because DECC's forecast does not contemplate a price 
reduction.
10.11.3 Material by-products
Economic modelling of material by-products sales (e.g. recyclable materials, digestate 
or bottom ash) faces two uncertainties. The first is the existence of a market at all, e.g. 
there may not be any suitable market for them within a suitable distance. The second 
factor is their price and long-term market evolution (South Tyne & W ear Waste
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Management Partnership, 2007). This is summarised perfectly by Enviros (2003); 
“Market prices for the end product will be unpredictable. On the one hand, a greater 
supply may lead to a reduction in prices. On the other hand, increased availability of 
the material may induce further demand as consumers become more confident in its 
quality.”
To model these markets gaps, the economic model in the “Project Input worksheet” 
has a set of parameters (of. Figure 57) that allows specifying how much recyclable 
materials, digestate or bottom ash can be sold. The remainder will be considered 
residual material to be disposed to landfill.
Publications like “Materials Recycling Weekly” fwww.rwminfo.coml or “Let’s recycle” 
(www.letsrecvcle.com) quote monthly prices for different recyclable materials. 
However, huge peaks and troughs appear because of market instabilities.
In the report on waste modelling for London by Chackiath et al. (2005,table 1.8 and 
1.9), prices between £5 and £30 per tonne for ferrous and non-ferrous metals are 
quoted. Nonetheless, materials from EfW facilities should be expected to be in the low 
end because of their poor quality. Other sources, like Enviros (2003), do not factor in 
any revenue from recyclable materials apart from digestate at £10 per tonne. Finally, in 
the South Tyne & W ear PFI proposal (2007,p. 282), a value of £20/tonne is assigned to 
recyclable materials although recognising that this may be an overestimation.
Alternatively, it could be assumed that recyclable materials, digestate or bottom ash 
are send to a reprocessor (Ballast Phoenix Ltd., 2009) or used elsewhere at no cost to 
the EfW plant, e.g. farmers may get the digestate from an AD plant but without paying 
for it. This will still mean a saving for the plant because it does not need to dispose 
them to landfill avoiding the associated costs. This is the approach followed by 
Bradford PFI (Grant Thornton, 2008) and Project Transform (Grant Thornton, 2008) 
where the income from recyclables is assumed to be zero.
Sometimes, some material outputs may incur costs rather than revenues. For 
example, SELCHP and ARC Ltd. formed a joint venture company to process 120,000  
tpa of bottom ash, roughly equivalent to the amount produced at the Edmonton 
incinerator in North London, that will generate:
•  4,800 tpa ferrous metal;
•  1,080 tpa of non-ferrous metal; and
•  34,000 tpa of saleable aggregate.
The aggregate is suitable for use in road base layers and blockmaking in the UK 
(Wheeler and de Rome, 2002). However, from the quantities it can be seen that a lot of 
the bottom ash needs to be disposed to landfill so disposing the bottom ash through 
this plant does not produce an income but only reduces costs. For example, in the 
Leeds PFI proposal, bottom ash processing costs have been estimated at £20 per 
tonne (Jacobs Babtie, 2006; Jacobs Babtie, 2006).
Digestate, also known as “compost like output” (CLO) once fully processed, may be 
associated with a cost of £20 per tonne when it comes from unsorted M SW  because 
of the impurities like plastics, etc. that can be found in it. However, CLO can attract a 
revenue of £5 per tonne when produced from source segregated food waste, or even 
£10 if it comes from green waste. (Chackiath and Longhurst, 2005, table 1.8 and 1.9).
All these possibilities have been modelled in this research with the percentages that 
indicate how much recyclable material, digestate or bottom ash can be sold and
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consequently how much is disposed as residual waste to landfill under the three 
possible sets of prices per tonne indicated in Table 19.
Prices in £ 
per tonne
Possible recyclable 
metals prices
Possible digestate 
prices
Possible bottom ash 
prices
Minimum 0 0 0
Average 1 0 5 0
Maximum 2 0 1 0 5
Table 19. Material by-products possible set of prices.
10.12 Incentives
The incentive worksheet has a similar structure to those of other database worksheets 
such as the “operational cost” (of. Figure 73). Therefore, each of the incentives is 
represented with three potential evolution scenarios over the project lifetime
10.12.1 Renewable Obligation Certificates
The Statutory Instrument of the Renewable Obligation Order (UK Parliament, 2006; UK 
Parliament, 2007) places a duty on electricity suppliers to source a percentage of their 
electricity from renewable sources. Similar orders apply in Scotland and Northern 
Ireland. For England and Wales, this percentage is set yearly by the Order and the 
2008/09 level of 9 .1%  has to rise to 15.4%  by 2015/16 (DTI, 2006). Suppliers need to 
prove they achieve these levels though Renewable Obligation Certificates (ROC) that 
are traded between renewable energy suppliers and generators and each of them  
represents one MWh of renewable electricity. Ofgem is the national body that 
manages the Renewable Obligation mechanism, supervises suppliers’ payments to 
generators and implements mechanisms to enforce the legislation.
The value of ROCs is not straightforward (Foster, 2008) and they are fixed usually in an 
auction or through bilateral contracts with recent auction prices (cf. Figure 85) around 
£50 per ROC, i.e. per MWh of renewable electricity.
In 2007, the 2006 Renewable Order was amended rather than fully rewritten because 
this legislative mechanism was undergoing a consultation. The main change proposed 
in the consultation was the introduction of bands on the technologies that can claim 
ROCs. (Oxera, 2007) with the four bands affecting EfW technologies being (UK 
Parliament, 2009):
•  Technologies in the Established Band will receive 0.25 ROCs/MW h;
•  Technologies in the Reference Band will receive 1 ROO/MWh;
•  Technologies in the Post-Demonstration Band will receive 1.5 ROCs/MWh;
•  Technologies in the Emerging Technologies Band will receive 2 ROCs/MW h.
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Figure 85. ROC price evolution (NFPA, 2008)
AD, pyrolysis and gasification are considered to be in the demonstration phase and 
hence are proposed for inclusion in the emerging technologies band. Therefore, they 
will receive in the future twice as much ROCs for the electricity they generate. 
Incineration with CHP is considered a more mature technology and will be in the 
reference band; hence, it will only receive one ROC per MWh.
Incentives are only granted to the renewable electricity these technologies produce. 
By definition (UK Parliament, 2006; UK Parliament, 2007), only the biomass fraction of 
the waste they use as feedstock produces renewable energy. This fraction is currently 
considered 6 8 % of the weight of mixed MSW  (UK Parliament, 2004) and the banding 
consultation proposed a default value of 50%  on the waste energy content (UK 
Parliament, 2009). Nonetheless, the percentage should be confirmed for each 
technology. For example, some autoclaves produce feedstock for gasification and 
pyrolysis plants that is 90%  biomass (Buro Happold Engineers and SLR Consulting 
Ltd., 2008), although other pre-processes may create a RDF with a high content of 
plastics and therefore a low biomass fraction.
In the model, the technology parameter section (of. Figure 57) is used to set up the 
percentage of energy that will qualify for ROCs based on the mass flow balance, with 
the default percentages ranging from 100%  for AD, down to 90%  for gasification 
using RDF from an autoclave facility (Buro Happold Engineers and SLR Consulting 
Ltd., 2008) and pyrolysis or 6 8 % for incineration. Nonetheless, these percentages 
could be changed for particular cases based on legislation and Ofgem guidance. In 
particular, when modelling a project after the banding proposal is implemented, these 
percentages could be multiplied according to the band of each technology. For 
example the South Tyne & Wear PFI (2007), assumes a biomass content of 35%  for 
incineration, whilst biogas is treated as 1 0 0 %  biomass.
Regarding ROC prices, the Non-Fossil Purchasing Agency (NFPA, 2008) uses a 
constant price of £50/M W h for the whole life of the project although some PFI 
proposals use more conservative figures. For example, the South Tyne & W ear PFI 
(2007) estimates a price of £35/M W h to account for long term uncertainty. The 
Bradford PFI quotes £15 per tonne of input to a generic thermal technology, which
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equates to approximately £27 per MWh (Grant Thornton, 2008). This figure is in line 
with the £30/M W h used for commercial projects by Buro Happold (2008). Other 
sources mention a potential price of £40 per MWh, although a price of zero is 
assumed in the calculations (Grant Thornton, 2008).
In addition to the uncertainties of price and percentage of biomass, the Renewable 
Obligation is a piece of legislation to support renewable electricity hence it may be 
repealed by the Government. Nonetheless, paragraph 3.18 of the Government 
Response to the Renewable Obligation consultation (BERR, 2008) states that “in order 
to provide value for money for consumers no indefinite promise of support should be 
made, the Government equally recognises the concerns over retrospective time 
limiting of support. The Government therefore has no intention of curtailing before 
2027 the ROC entitlement of capacity in which people have already invested.”
In summary, as for other variables of the model, the price of ROC is modelled with 
three discrete sets of possible values. The median set will use a figure of £30/M W h  
with the maximum quartile will use NFPA’s value of £50/M W h and the minimum 
quartile will assume no revenue from ROCs to reflect the potential legislative 
uncertainty.
10.12.2 Renewable Heat Incentive
Currently there is no renewable heat obligation although the Government has put 
forward a business case for consultation (Ernst and Young, 2007). Using the same 
approach as for ROCs, the economic model allows for this incentive to be 
incorporated into the calculations although currently all revenue values are set to zero.
10.12.3 Climate Change Levy
On 1 April 2001, the Government introduced under the Finance Act 2000 (UK 
Parliament, 2000) the Climate Change Levy (CCL) that is “a tax on the use of energy in 
industry, commerce and the public sector, with (...) additional support for energy 
efficiency schemes and renewable sources of energy. The aim of the levy is to 
encourage users to improve energy efficiency and reduce emissions of greenhouse 
gases.” (DEFRA, 2005). The levy “is imposed at the time of supply to industrial and 
commercial consumers rather than at the time of consumption by end-users. (...) the 
levy does not apply to taxable commodities used by domestic consumers.” (HM  
Revenue and Customs, 2006). The levy is applied to gas and electricity, although there 
are some exemptions. For example, renewable electricity from M SW  and C&l wastes 
is exempt from the levy as is heat (HM Revenue and Customs, 2006). The exemption 
mechanism is set up by HM Revenue and Customs (2004) and overseen by Ofgem  
which will issue generators with Levy Exemption Certificates (LECs). Because LECs 
could be purchased by non-domestic customers as an alternative to pay CCL, they 
are extra income to renewable electricity generators including EfW plants and 
therefore they need to be incorporated in the economic model.
Ofgem guidance suggests that electricity from biomass waste, i.e. organic, qualifies 
for 1 0 0 % exemption whereas for other wastes which are not fully biomass, around 
50%  of the electricity generated by burning waste can be considered “renewable 
electricity” and hence qualify for the LEO (Ofgem, 2008,appendix 3). Therefore, a 50%  
qualifying percentage has been introduced in the “project input” worksheet for thermal 
technologies and 100%  has been assumed for AD (of. Figure 57).
In April 2008, the Chancellor announced that the levy will rise in line with inflation and 
that the Government will extend the climate change agreements until 2017 (HM
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Treasury, 2007). The CCL rates from April 2008 are £4.56/M W h for electricity and 
£1.59/M W h for gas (HM Revenue and Customs, 2006). However, other sources, e.g. 
Oxera (2007,paragraph 3.1.2), assume LEO prices of £4.3/M W h whereas other 
proposals, e.g. the South Tyne & W ear PFI in (2007,p. 287) quote LEO prices in the 
order of £5 to 10/M W h.
The minimum quartile set of values used to model the evolution in time of the CCL in 
this research assigns a zero revenue from electricity LECs. This can represent a 
change in legislation, i.e. the levy disappears, or a situation where the levy does not 
apply, e.g. a residential-only supply. The median set uses current year prices for LECs 
but assumes a conservative figure of only 50%  of the levy price although values of 
around 80%  and 90%  of the levy are usually traded (Foster, 2008). Finally, the 
maximum quartile set uses also current year prices (e.g. £4.4/M W h in until the of 
April 2009 when it became £4.7/MW h) but assumes LECs are sold to clients at a price 
equal to that of the levy.
10.12.4 Packaging Recovery Notices
The management of packaging and packaging waste is enforced by the EU directive 
94/62/EC  on “Packaging and Packaging waste” (European Commission, 1994) that 
was transposed in the UK as the Producer Responsibility Obligations (Packaging 
Waste) Regulations (UK Parliament, 2005). The directive introduced recovery and 
recycling targets and encouraged minimisation and reuse of these wastes seeking to 
reduce their environmental impacts. The mechanism created by this legislation 
consists of Packaging Recovery Notices (PRN) or their electronic versions (ePRN) that 
need to be acquired by packaging producers to demonstrate compliance with his 
recycling/recovery obligations. PRN are issued by accredited waste reprocessors, 
registered in the National Packaging Waste Database maintained by the Environment 
Agency, for several materials or processes. In the case of thermal EfW facilities, PRN 
are issued for “recovery”. According to the Environment Agency (Waste and Industry 
Services Team, 2008) a thermal treatment plant can issue energy recovery PRN for a 
percentage of the total weight of the waste it receives if it operates under certain 
conditions, e.g. a maximum of 28%  of the treated waste can be lost as a residue 
(Environment Agency, 2008). Currently, for the typical M SW  composition, this 
percentage is 19% . In the case of AD, this percentage would need to be judged on a 
case by case basis depending on the feedstock composition (Waste and Industry 
Services Team, 2008).
Prices of energy recovery PRNs have been relatively stable between £1 and £3 per 
tonne (Letsrecycle, 2008). However, the reduced percentage of the total waste that 
can claim PRNs and their low value mean that they are not usually included in the 
economic models of many PFI proposals. The minimum quartile set for the evolution 
of the PRN used in the economic model contemplates zero revenue from this 
incentive, reflecting legislative uncertainty, drop of prices, etc. The median set will use 
a price of £1 .5/tonne with the maximum quartile set using a more optimistic price of 
£2.5/tonne, in both cases remaining constant throughout the project lifetime. The 
percentage of waste that qualifies for claiming PRN is fixed in the “project input” 
worksheet at 19%  for thermal treatment and at zero for AD. Any change of these will 
need to be certified by the Environment Agency on a case by case basis.
10.13 Capital costs
Capital costs in the economic model represent the design, building, construction and 
commissioning costs of an EfW plant for a selected technology and specified design 
capacity or throughput. They are usually expressed in millions of pounds.
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Capital costs are paid in advance, i.e. before the plant starts operation, and because 
of the large amounts of money usually involved, they are borrowed from banks. 
Because this may be a limiting factor in financing an EfW plant, capital cost will be 
used in the MODA as one of the economic criteria.
Similarly to gate fees, scattered information on EfW plant capital costs is available 
from different sources. The sources used have been business cases put forward to 
obtain PFI credits (Jacobs Babtie, 2006; Jacobs Babtie, 2006; South Tyne & W ear 
Waste Management Partnership, 2007; Grant Thornton, 2008), previously published 
reports (McLanaghan, 2002; Enviros, 2003; Ernst and Young, 2007; AEA Technology,
2008), waste strategies (AEA Technology, 2007; AEA Technology, 2007; DEFRA, 
2007), the Environment Agency’s Waste Technology Data Centre (Environment 
Agency, 2006) and information from manufacturers (Thermoselect, 2003; Chessire, 
2006; McConville, 2008), amongst others.
Capital costs per tonne decrease with plant capacities because of economies of scale 
as described by previous researchers (Wheeler and de Rome, 2002; Tsilemou and 
Panagiotakopoulos, 2006; SLR Consulting Ltd., 2008) and shown graphically in Figure 
86 .
A naerobic Digestion G asification/Pyrolysis Incineration
Figure 86. Economies of scale on capital costs per tonne of EfW technologies (SLR Consulting Ltd., 
2008)
In this research, as described for gate fees in section 10.11.1, collected total capital 
cost data, i.e. not per tonne as shown in Figure 8 6 , are firstly updated to the starting 
year of the project using (Eq. 1) and then fitted to a line adjusted to minimise the sum 
of the squared residuals and represented by (Eq. 3) with 0<b<1. Additionally, upper 
and lower 95%  confidence intervals have also been calculated as described in 
appendix VII. The coefficients b represent the capital costs economies of scale 
achieved in large plants. Table 20 shows these coefficients for the EfW technologies 
considered in this research. The lower the coefficient the higher the economies of 
scale; therefore, gasification and pyrolysis plants do not achieve large savings by 
constructing larger plants.
AD Gasification/Pyrolysis Incineration
Coefficient b 0.669 0.929 0.739
Table 20. Coefficient b representing capital cost economies of scale for different technologies.
In general, the results of the best-fit analysis are in agreement with other similar 
published information, e.g. SLR Consulting (2008).
Nonetheless, estimated capital costs are still highly variable and increases above 
inflation have been highlighted in recent reports (SLR Consulting Ltd., 2008). These
Pablo izquierdo Lopez
EngD Dissertation Volume Page 157
increases have been also found in this research when comparing costs of the Energos 
gasification technology which increased from £11 .5m and £19.0m reported in 2006 for 
a 40,000 tpa and 80,000 tpa (Environment Agency, 2006) to £25m and £45m in 2008  
(McConville, 2008). Some reasons for this may include the quick increase in civil 
construction and M&E materials prices (SLR Consulting Ltd., 2008) but also perhaps 
increased energy prices for the manufacturers and financing difficulties. Furthermore, 
with the LATS deadlines coming closer, many local authorities have started to speed 
up the implementation of their waste strategies and many of them include EfW 
treatment facilities. This approaching deadline has created a surge in demand and 
consequently an increase in prices. Consequently, the sensitivity of the economic 
model results to these possible variations needs to be analysed and this is carried out 
in section 13.1.
10.13.1 Anaerobic digestion
Figure 87 shows the gathered capital cost data for AD plants with their prices updated 
to 2009. It also shows the best fit line and the upper confidence interval. The lower 
confidence interval is set to zero for any mathematically calculated negative values.
Because of the low b coefficient, the gradient of the best fit line is steeper for small 
plants than for large plants.
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Figure 87. Estimated capital costs for AD plants with upper and lower confidence intervals.
10.13.2 Incineration
Figure 8 8  shows the compiled data for incineration with the best-fit line and the upper 
and lower confidence intervals.
Some of the data published by AEA Technology (2008) for existing plants built before 
year 2000 e.g. Lerwick (Shetlands), Baldovie (Dundee), Kirklees, SELCHP and Tyseley, 
seem to be outliers from the general trend and have not been used. Capital costs 
reported are too low when compared with the rest of the data available. This may be
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because they were constructed when environnnental regulations were less strict and 
clean-up measures less expensive.
In c in era tio n  capita l costs
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Figure 88. Estimated capital costs for incineration plants with upper and lower confidence 
intervals.
10.13.3 Gasification/Pyrolysis
Figure 89 shows the best fit line and upper and lower 95%  confidence intervals 
calculated using gathered capital cost data of gasification and pyrolysis plants.
G asification/P yrolysis  capita l costs
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Figure 89. Estimated capital costs for gasification/pyrolysis plants with upper and lower 
confidence intervals.
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The high coefficient b found for gasification and pyrolysis plants capital costs is clearly 
seen in Figure 89 because there is not different in the gradient of the best-fit line for 
small or large plant scales.
10.13.4 Additional capital costs due to district heating
Additionally to the costs of electricity-only plants, it can be envisaged that CHP plants 
will have higher capital and operational costs.
Table 21 includes some figures found that reflect increased capital costs for CHIP 
plants. Based on incineration data (Patel and Fligham, 1996), the capital cost for a 
CHP plant can be up to 17%  higher than an electric-only plant. This may be due to 
using a steam turbine that allows for intermediate steam extraction and is therefore 
more expensive (Institute for Prospective Technological Studies, 2005) but as well due 
to the need of back-up boilers and heat exchanger (ILEX Energy Consulting, 2005). A 
more recent figure is provided in the South Tyne & W ear PFI business case (2007) 
where £5m are budgeted for the CHP network connection costs to a single industrial 
user and appropriate support equipment in a 200,000 tpa incineration plant. This is 
5.6%  of the estimated plant capital costs. In this research, the model assumes a 
conservative average value of just half of Patel’s figure.
The price of the DH network should also be considered. This is a very expensive 
infrastructure, particularly when retrofitting the network to existing buildings. Two  
sources have been found quoting prices in pounds per km ranging from £621,000  
(AEA Technology, 2008) to £1,000,000 (FontEnergy, 2007).
Minimum Average Maximum
CHP conversion %  added capital 
costs over “electric only” 0 % 8 % 17%
District heating cost (£ per kilometre) 621,000 810,500 1 ,0 0 0 , 0 0 0
Table 21. Additional percentage of capital costs of CHP plants vs. “electric only” and district 
heating networks.
10.14Economic model results discussion
10.14.1 Energy generation
Table 22 presents the net energy generation figures, i.e. with the parasitic losses 
already discounted.
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Technology AD Incineration Gasification Pyrolysis
Feedstock
Organic matter 
with 25%  of 
putrescible 
matter
Residual waste 
with CV of 9 
MJ/kg
Pre-treated 
waste, e.g. RDF, 
with CV of 14 
MJ/kg
Pre-treated 
waste, e.g. RDF, 
with CV of 14 
MJ/kg
With/without
CHP
With W /out With W /out With W /out With W /out
Net kWh/tonne 
(thermal)
306 0 253 0 1,326 0 921 0
Net kWh/tonne 
(electric) 214 274 374 497 655 724 667 700
Table 22. Average energy generation per tonne for all EfW technologies with and without CHP.
These have been calculated using the median set of values for all parameters in the 
economic model, particularly those of energy efficiencies in Table 14, and the 
feedstock average properties, e.g. 25%  putrescible content for AD, CV of 9 M J/kg for 
incineration and 12 MJ/kg for gasification and pyrolysis. Moreover, these figures show  
that AD is the technology that generates the least energy followed by incineration. 
Conversely, gasification and pyrolysis generate the highest amount of energy per 
tonne treated because they use a feedstock with high CV. Another finding is that 
electricity only technologies generate more electricity per tonne than CHP plants, but 
less energy overall, i.e. including heat, than these.
10.14.2 Economic criteria
Using all the variables described in previous sections of this chapter, the economic 
model calculates the following values that will be scored and weighted as quantitative 
criteria in the MCDA phase of the DST:
•  Net present value (NPV) in £.
•  Payback period in years, although alternatively, the internal rate of return (IRR), 
as a percentage, could be used.
•  Initial capital cost in £.
(Eq. 4) is used to calculate NPV, where N is the lifetime of the project in years, r is the 
discount rate and CFj is the cash flow in year i, i.e. the sum of all revenues of the plant 
during year i minus the operational expenses of that year. Finally, 1^ is the initial capital 
cost of the plant.
(Eq. 4)
The payback period is the year when NPV changes from a negative to a positive value. 
The IRR is the discount factor (r) for which the NPV is zero at the end of the life of the 
project, it could also be calculated and used as an alternative criterion to the payback. 
Finally, the initial capital cost is calculated as discussed in section 10.13.
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Figure 90. Criteria values from economic model.
These magnitudes are easily represented in the NPV evolution graphs produced by 
the economic model as shown in Figure 90.
Another criterion that will need to be evaluated by the internal stakeholders is the 
possibility, if it has been considered in the “waste input” worksheet, of requiring 
additional waste to operate the plant. Stakeholders need to express their qualitative 
opinion about the risks and the likelihood of securing this additional waste supply by 
weighting it in the MCDA phase (cf. section 12). The evolution of the incentives, 
revenues, operational cash flows of the EfW facility are calculated by the model and 
shown graphically in Figure 91 with the same vertical scale for comparison.
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Figure 91. Incentive, revenues and operational cash-flow evolution with time.
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The trends shown in Figure 91 are true for all EfW plants using the average scenarios 
for all model variables. It can be seen that the incentives are clearly dominated by 
ROCs with minimal contributions from the sale of LEG and PRN whilst revenues are 
accrued due to electricity sales and predominantly from the gate fee. Both of these 
incomes remain fixed for the plant lifetime because the quantity of feedstock treated 
also remains constant. On the other hand, operational costs increase over time 
because the landfill disposal costs are expected to increase (cf. section 1 0 . 1 0 .1 ) and 
they are a significant proportion of the opex together with the salaries, consumables 
and transport.
Sometimes, the difference of the income cash-flows, e.g. revenues and incentives, 
minus the operational costs cash-flow is not enough to make the plant profitable and 
the NPV is negative at the end of the project. In these cases, for example when less 
feedstock that the plant’s capacity is processed, the payback is longer than the 
lifetime and an example of this possibility, e.g. an AD plant with a capacity of 60,000  
tpa processing only 30,000 tpa, is shown in Figure 92.
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Figure 92. NPV evolution for unprofitable EfW plant
Figure 92 also serves as an example of the time evolution of the incomes, revenues 
and operational cash-flows of a CHP plant. The main differences are in the revenues 
where heat sales makes a contribution and in the additional DH costs that appear in 
the operational cost graph. Further discussion on the differences between CHP and 
electricity only plants is shown in the next section.
10.14.3 Comparison of CHP and electricity only plants
Two main differences have been found between the economic aspects of CHP and 
electricity only plants that may explain why there are so few waste with CHP plants in 
the UK:
•  Efficiency differences. Overall, CHP plants are more efficient, but their 
electricity efficiency is lower than for electricity-only plants (cf. Table 14) and
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because of low heat prices the loss of revenue incurred by selling less 
electricity is not always recovered.
•  Cost differences. CHP plants are usually more expensive to build and operate 
(cf. sections 10.10.7 and 10.13.4).
The loss of electricity efficiency by generating also heat is expressed in the technical 
literature as the Z ratio. It decreases for larger turbines and increases with lower 
extraction pressures and the CHP Quality Association (CHPQA) quotes a figure of 5:1, 
as the typical Z ratio for a CHP system extracting steam for use in District Heating 
(CHPQA, 2007). This means that a 5%  increase of heat efficiency is achieved at the 
expense of a drop of 1  % in electric efficiency.
Another important result found during this economic analysis is that selling either retail 
or wholesale heat requires an expensive infrastructure, even more when installing it in 
an already developed area when quoted costs are highest. High prices hinder the 
deployment of DH networks because they limit their distance and consequently the 
number of clients and the heat they demand. Therefore, concentrated high heat 
demands nearby an EfW plant with CHP, e.g. industries using heat, hospitals, etc. 
would increase the feasibility of selling heat through a DH and justifying the 
infrastructure investment.
In addition to expensive infrastructure, final customers willing to buy the heat and with 
long term contracts are also required, so even with the infrastructure in place, heat 
sale revenue is not guaranteed. Similarly, retailing electricity through a “private wire” 
requires additional infrastructure to the existing grid and long-term clients. In both 
cases, clients have the right to switch energy supplier; hence, there is an associated 
risk of building the infrastructure but not retaining all the customers for the full lifespan 
of the EfW facility. Additional considerations to this problem as well as potential 
mitigation measures are outside the scope of this research and are not further 
considered. Suffice to say that the freedom to choose an energy supplier is 
paramount in current legislation and therefore retaining customers can only be done 
by competition in an open market. Therefore, the additional infrastructure costs 
needed to distribute and retail energy need to be carefully assessed against the higher 
prices that would be paid by customers but bearing in mind the risks of them  
changing energy supplier. Currently, this risk is deemed too high and discourages 
established, e.g. SELCHP incinerator, and future, e.g. Belvedere, EfW plants from 
building a DH network despite having the capacity to generate and export heat.
In summary, under the current situation, the only long-term guaranteed revenue from 
an EfW plant is from wholesale electricity with the other possibilities requiring a careful 
assessment in each particular case. This situation favours electricity only EfW plants 
that are cheaper but less efficient overall; hence, in order to encourage EfW with CHP  
plants certain measures would be necessary to support them, amongst them the 
renewable heat initiative, heat demand maps, etc. that will be discussed in more detail 
in section 15.3.
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11 Environmental analysis
11.1 Environmental tools
As discussed in section 2 .2 , other environmental analysis tools, such as environmental 
and strategic impact assessments, EIA and SIA respectively, could have been used to 
evaluate the environmental aspects of this research (Finnveden, Bjorklund et al., 2007) 
but were discarded. Therefore, this section will only focus on the use of Life Cycle 
Assessment (LCA).
LCA is defined in the ISO 14040 family as the “compilation and evaluation of the 
inputs, outputs and the potential environmental impacts of a product system 
throughout its life cycle” (ISO, 2006). In this research, LCA is used, following the 
methodology set out by Clift et al. (2000), as part of the DST to inform EfW technology 
selection. Therefore, the product mentioned in the ISO definition of LCA is in this 
research the service of managing waste and its life cycle covers from the moment it 
starts to be waste, i.e. discarded, until it is disposed of to landfill, recycled or treated 
in an EfW plant.
LCA is one of the most widely accepted and used analytical tools for evaluating 
environmental aspects and the use of resources in waste management strategies 
(Ekvall and Finnveden, 2000; Murphy and McKeogh, 2004; Finnveden, Bjorklund et al., 
2007; Longden, Brammer et al., 2007). LCA is also the guiding principle in many 
“European Union policies including the Integrated Product Policy Communication 
(COM(2003)302), as well as the two Thematic Strategies on the Sustainable Use of 
Natural Resources (COM(2005)670), and on the Prevention and Recycling of Waste 
(COM(2005)666)” (European Commission - Joint Research Centre, 2009). Moreover, 
LCA is at the heart of some of the key EU waste directives such as the W aste  
Framework Directive (European Commission, 1976; European Commission, 2008) and 
the Landfill Directive (European Commission, 1999). Finally, it has also been used in 
combination with LCC for waste management, as proposed in this research, by Reich 
(2005) in a similar application but at larger geographical scales.
Specific methodology guidance exists on LCA for waste management (Clift, Doig et 
al., 2000; Ekvall and Finnveden, 2000). Nonetheless, existing reviews of the large 
published literature identify some significant gaps within the LCA methodology. In 
particular, definition of functional unit and system boundaries have a strong influence 
on the results, making it very difficult to compare different studies (WRAP, 2006; 
Ekvall, Assefa et al., 2007). In order to standardise results, countries have produced 
their own LCA waste management software, so that there are several packages 
designed to assess the environmental impacts of waste management practices. These 
include WRATE (Environment Agency, 2007) in the UK, Easewaste in Denmark 
(Christensen, Bhander et al., 2007), M SW -DST (Thorneloe, Weitz et al., 2007) in the 
USA and MIMES and OR WARE in Sweden (Eriksson, Olofsson et al., 2003). Other 
LCA software packages include Life Cycle Impact Assessment procedures that can be 
applied to waste management processes although not specific for them. These 
include SimaPro (Product Ecology Consultant, 2007), Gabi (PE International, 2007) 
and Ecoinvent (Swiss Centre for Life Cycle Inventories, 2008) whose version 1.2 is 
incorporated into WRATE.
Despite its wide implementation, LCA has limitations and some became apparent 
during the case study feedback (cf. section 14). For example, LCA cannot address
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socially constructed impacts (Burningham, 1998) such as noise, odour and visual 
intrusion that were considered highly relevant by the case study stakeholders. These 
impacts would typically be covered at a later stage of the EfW facility planning 
process with an EIA or an SIA; however, in this research, they have been incorporated 
as technical criteria (cf. Table 1) in the DST screening phase. This allows LCA to be 
used to cover only the environmental impacts defined in section 11.5 whilst also 
allowing stakeholders to weight the socially constructed impacts at an early stage of 
the process. Specific information on these socially constructed impacts is discussed 
in the technical review sections for each technology (cf. sections 5.9, 6.9, 7.9 and 8.9).
Considering the suitability of LCA to carry out the environmental analyses necessary 
to inform the strategic selection of a technology (Finnveden, Bjorklund et al., 2007) 
and the existence of specialised waste LCA software, a generic, but customizable, 
waste management LCA software was thought to be the best option to deliver the 
environmental analysis in this research. Consequently, WRATE (Environment Agency, 
2007) was chosen for the following reasons:
•  It is a LCA software that follows the international specification ISO 14040 and 
is specific for waste;
•  It is customised for the UK because it uses local plant data and waste 
composition information when available;
•  It is widely accepted by the UK industry and local authorities and backed up by 
the UK regulatory body: the Environment Agency; and
•  Its internal equations and data are transparent and have been peer-reviewed.
11.2LCA methodology
According to the ISO 14040 standard “LCA considers the entire life cycle of a product, 
from raw material extraction and acquisition, through energy and material production 
and manufacturing, to use and end of life treatment and final disposal" (ISO, 2006) and 
comprises four phases “the goal and scope definition, inventory analysis, impact 
assessment, and interpretation” (ISO, 2006). In this research, WRATE is used to 
facilitate these phases and the results are integrated into the DST though the MCDA  
scoring and weighting phases.
Based on ISO 14040 (2006) and Clift et al. (2000), the first step required to carry out a 
waste LCA is to define its goal and scope. In this research, the goal is to compare the 
environmental impacts of different EfW technologies in a potential application while 
the scope comprises all the activities required to manage the waste generated in a 
given development during a year. Secondly, a functional unit, i.e. the basis for 
comparison between different alternatives, needs to be defined. In WRATE, it is “the 
collection and treatment of municipal solid waste generated by a local community, 
part of a local community, or a group of communities (such as sub-region) for a period 
of one year." (Environment Agency, Golder Associates et al., 2007). Flowever, in this 
research, this has been simplified as treating the amount of waste generated during a 
year in a given building development from activities in the premises where it becomes 
waste.
During the inventory phase, all environmental burdens need to be identified. In the 
case of waste LCA, this creates the problem of allocating these burdens to specific 
materials flows. Following the methodology proposed by Clift et al. (2000), a 
foreground and a background system are defined as shown in Figure 93. In waste 
LCAs, the former comprises the “waste management activities themselves, from the 
location where the waste arises, through the beneficial recovery of materials and/or 
energy (to the point where the material or energy is returned to the background
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economy), to emission to the environment” (Clift, Doig et al., 2000). Conversely, the 
background system consists of “the economic activities which exchange materials 
and energy with the foreground system” (Clift, Doig et al., 2000).
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Figure 93. LCA background and foreground systems (Clift, Doig et a!., 2000)
The burdens or impacts associated with “emissions arisings from the foreground 
activities are termed direct burdens” (Clift, Doig et al., 2000). These include emissions 
to air, soil and water from the waste management activities included in the functional 
unit such as waste collection, energy recovery and disposal to landfill. The term 
indirect burden is associated with “the resources usages and emissions arising from 
the background activities” (Clift, Doig et al., 2000). Finally, avoided burdens are 
defined as “the environmental burdens associated with the background economic 
activities displaced by recovery of materials and/or energy from the waste” (Clift, Doig 
et al., 2000). In the case of waste management, these avoided burdens include the 
avoided impacts by recycling and energy generation.
WRATE uses this methodology and by allocating the direct, indirect and avoided 
burdens to the foreground system processes and the background system can 
calculate the environmental impact of each individual process, or combination of 
them, in the foreground system. This feature has been used in section 11.11 (of. 
Figure 101 to Figure 104) to present two sets of environmental impacts: those 
associated with the EfW plant alone and those associated with the whole foreground 
system.
To ease the data compilation process, the environmental impacts of background 
processes can be obtained with “average industry data from a reliable database of life 
cycle inventory data” (Clift, Doig et al., 2000) although the selection of these data has 
a large effect on the LCA results (Ekvall and Finnveden, 2000). For example, in 
WRATE, electricity generated from waste is offset, i.e. it is an avoided burden, against 
“an inventory of marginal national grid energy mix” whilst heat is offset against “gas 
combustion with a thermal efficiency of 8 5 % ” (Environment Agency, Golder 
Associates et al., 2007, p.39). This will be discussed in more detail together with other 
assumptions for estimating the environmental burdens in section 11.4.
Furthermore, WRATE allows the study year and the electricity generation mix to be 
selected from the Ecoinvent 1.2 background database. Energy mixes for future years
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are estimated using projections created by two UK Government Departments, the DTI 
and DEFRA. The possibility of background systems evolving with time is 
acknowledged and their effects will be analysed with sensitivity analysis (cf. section 
13).
11.3Description of WRATE
WRATE is an acronym that stands for Waste and Resources Assessment Tool for the 
Environment. It is a commercial simplified life cycle software for waste management, 
currently in version 1.0.1.0 that was first released in April 2007. It was developed by 
consulting companies ERM and Golders Associates for the UK Environment Agency 
with support from DEFRA’s Waste Implementation Programme. It is the evolution of 
an earlier tool named WISARD, also created for the Environment Agency. It includes 
the Ecoinvent v1.2 database that is used to calculate the life cycle impacts of each 
process (Environment Agency, 2007; Environment Agency, Golder Associates et al., 
2007).
WRATE has a waste database with information on several waste fractions and 
streams, a process database with data from 140 waste management processes 
collected by the Waste Technologies Data Centre and an energy database with 
information on base and marginal electricity mix, transmission losses and generating 
efficiencies for 40 countries with forecasts for up to 20 years. It also has 40 impact 
assessment methods and 140 waste management processes that have been validated 
and peer-reviewed following ISO 14040 guidelines (ISO, 2006). Processes included in 
WRATE'S process database are representative of best available technology in the UK 
or Europe in the first instance, and elsewhere when relevant. Using these processes, 
WRATE calculates the environmental impacts, i.e. direct, indirect and avoided 
burdens, of waste storage, collection, transport, treatment and disposal.
_ Infrastructure ____________________________
Manufacture Maintenance Decommissioning
. Inputs _____
Municipal waste
Fuel
Material
Water
Energy
Number of units
Distance
Capacity
Life Span
Restrictions
Co-processing
Outputs 
I Energy
A LLO C A TIO N S
, Emissions _  
Air
Process Waste 
Water 
Sewer 
Waste
Product
Figure 94. C onceptual m odel o f W RATE processes (Environm ent Agency, G older A ssociates e t al., 
2007, p.44 Fig 5)
The conceptual model shown in Figure 94 describes all WRATE processes, from 
collection in a wheelie bin, to transport by a refuse collection vehicle or processing in 
a complex thermal treatment plant. An unlimited number of processes can be 
interlinked by waste mass flows, i.e. the output from one process is the input to 
another, creating a “scenario”. A “project”, in WRATE terminology, refers to a number 
of alternative scenarios with the following common elements: quantity and
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composition of waste, location and energy mix. Section 11.7 describes how the 
scenarios and projects used in this research have been created.
WRATE calculates the environmental impacts associated with all the inputs, outputs, 
emissions and required infrastructure of each process in a scenario as well as for all 
scenarios in a project. The results can be presented individually or aggregated in 
graphical and numerical form to be compared together as shown in section 1 1 .1 1 . 
WRATE also calculates “headline indicators” that are statistics for each scenario in a 
project such as energy generated, quantity of waste recycled, treated or landfilled.
11.4 WRATE limitations and assumptions
Although WRATE is the best choice for the environmental analysis in this work, not 
being a bespoke tool means that it has some limitations.
An important limitation, a priori, was that WRATE was intended to be used for M SW  
only. However, as established during the waste audits and compilation of other 
information for the Waste Estimation Tool (cf. section 3), M SW  and general C&l wastes 
have very similar compositions (Coggins and McElveen, 2009) and the latter can be 
modelled using waste streams of the former. Therefore, the limitation was thought to 
be semantic rather than substantive. Furthermore, during the training session, it was 
confirmed that WRATE could be used with any combination of waste streams 
included in its databases regardless of their municipal, commercial or industrial origin. 
Consequently, for the environmental analysis, M SW  and general C&l waste have been 
modelled with the waste categories and subcategories available in WRATE. Other 
specific waste streams, e.g. hazardous C&l wastes, requiring special treatment are 
explicitly excluded from this analysis and assumed to be covered by a detailed waste 
strategy that will need to be written for the whole development later in the project.
Secondly, the limitation that WRATE is specific to the UK is actually an advantage for 
this research because the intended application is to the UK. In particular, WRATE  
incorporates a mixture of measured, calculated and estimated data from actual plants 
and other published sources, mainly from the UK or Europe. These data are limited in 
quantity but are representative of current UK practice and accommodate anticipated 
changes in the energy production mix (Environment Agency, Golder Associates et al., 
2007).
Moreover, whilst using WRATE as an integrated part of the DST, it became evident 
that there were some additional limitations and mismatches with other components of 
the DST:
, •  WRATE’s waste streams do not match those in WET. Therefore, in order to
import the results from WET into WRATE to carry out environmental analyses, 
it has been necessary to map out the relationship between W ET and WRATE  
waste streams. This process is explained in detail in appendix VI.
•  There are a limited number of waste treatment processes in W RATE’s 
databases. Particularly there are very few CHP processes modelled in WRATE; 
hence, using the features provided by WRATE, additional CHP models have 
been created (cf. sections 11.9 and 11.10).
•  The functional unit used in WRATE is defined as “the collection and treatment 
of municipal solid waste generated by a local community, part of a local 
community, or a group of communities (such as sub-region) for a period of one 
year.” (Environment Agency, Golder Associates et al., 2 0 0 ^ . However, as this 
research focuses on the treatment of waste, the collection and transport 
aspects of waste are not directly considered by the WET. Similarly, the
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economic model only incorporates them partially, e.g. the transport of final 
residues to landfill.
•  In addition to the EfW process, other processes are necessary to create the 
environmental model in WRATE although these are not considered in the 
economic model. For example, the feedstock requirements of some EfW 
technologies mean that the WRATE models incorporate pre-processing plants, 
e.g. MBT plants to produce RDF.
Some of these limitations could be overcome with workarounds as described but 
some others are just features of the research, made explicit here as assumptions:
•  The DST is applicable only to selecting the technology of an EfW plant. 
However, an EfW plant should not be a standalone facility but a part of an 
established waste management system and WRATE scenarios have to model 
the whole waste management system. Therefore, the W ET and the DST’s 
economic model only cover some of the elements incorporated in the WRATE  
scenarios. For example, the capital and operational costs of collection 
vehicles, pre-processing plants, recycling facilities and landfill, are not 
incorporated in the DST’s economic model. Nonetheless, WRATE can 
calculate the environmental impacts of each process independently from the 
other processes in the scenario. Therefore, only the environmental impacts of 
the treatment processes will be used in the DST (cf. section 11.11).
•  The default waste composition of M SW  incorporated in WRATE (cf. appendix 
VIII) has been used to evaluate the environmental impacts of the different EfW 
technologies presented in this section. However, sensitivity analysis has not 
been used to explore the influence of waste composition (cf. section 13.2.2) 
Where information is available on the composition of the waste stream, as in 
the case study in section 14.2, it has been used.
•  Only suitable waste streams are used as feedstock for the EfW plants, 
matching the assumption in the economic model (cf. section 10.3). Therefore, 
only the organic fraction is collected in the AD process scenarios whereas for 
gasification and pyrolysis, the feedstock is pre-processed in M BT plants while 
for incineration there is no restriction. As mentioned above, it can be envisaged 
that changes in the waste quantities and composition being treated may have 
major impacts on the results and therefore they will be subject to sensitivity 
analysis (of. section 13.2.2).
•  WRATE scales processes linearly to model any plant capacity from the limited 
number of processes in its database; i.e. the models used are linear and 
homogeneous. For example a process based on data from a 5,000 tonnes per 
annum AD plant with CHP is used to represent AD with CHP plants of any 
capacity by simple linear extrapolation. Thus, the environmental impacts 
calculated by WRATE are extrapolated linearly using the data from the 
processes in W RATE’s database as reference. Section 11.6 sets out which 
reference process is used in this research to model each EfW technology and 
at what scale.
•  It is assumed that collection vehicles travel a distance of 100 km in each 
collection round, divided equally between urban/rural/motorway. Average, 
collection trips have to include the return return travel to disposal sites and a 
weekly average of 78 km (Transport for London. Freight Unit, 2008, Table 14). 
In any case, the impact of this assumption will be tested with sensitivity 
analysis (of. section 13.2.4) assuming only 50 km collection rounds. Note that 
this concept is different from that used to estimate transport costs discussed 
in section 10.5.1 of the economic model because collection costs are not part 
of the EfW economic model.
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•  The amount of heat produced by CHP plants is estimated using a heat-to- 
power ratio of 2:1 that is representative of medium scale, i.e. between 1 and 5 
MWe, CHP units (cf. Table 4).
•  For CHP plants, it is assumed that heat will be used within the new 
development or nearby; the “capital” impacts associated with materials and 
energy required to build the district heating infrastructure are not included in 
this environmental assessment because of lack of data.
Finally, WRATE uses the following definitions for avoided burdens (Environment 
Agency, Golder Associates et al., 2007, User manual Figure 3):
•  “Electricity generation; offset against an inventory for marginal national grid 
electricity mix.
•  Heat generation: offset against a gas combustion inventory with a thermal 
efficiency of 85% .
•  Avoided materials: offset against virgin materials production.
•  Substituted virgin materials: offset against the inventory for virgin material 
production for the typical market material, based on functional equivalence.
•  Recovered or recycled material incorporated in new product is not taken into 
account.
•  Compost: offset against inorganic fertilisers, peat, topsoil, soil conditioner 
based on nutrient and physical characteristics.”
In particular, the use of average or marginal energy mixes to calculate the avoided 
burdens is a controversial topic (Ekvall and Finnveden, 2000; WRAP, 2006). However, 
some authors (Weidema, Frees et al., 1999; Moora and Lahtvee, 2009) argue that if an 
LCA study is change-oriented, i.e. prospective as defined by Clift et al. (2000), then 
energy generated by the system under analysis is likely to displace marginal energy so 
that marginal generation is appropriate to estimate avoided burdens. This approach is 
followed in this research as the DST informs the technology selection of an EfW plant 
that would be built in the future hence analysing the impact of future changes. 
Conversely, if the LCA is descriptive i.e. retrospective as defined by Clift et al. (2000), 
then, it would be more appropriate to use average energy mixes to represent the 
energy used by the systems under analysis (Moora and Lahtvee, 2009). This latter 
approach is followed by PAS 2050 (Sinden, 2008) that establishes a consistent 
method for assessing the life cycle emissions of greenhouse gases from goods and 
services and uses a strictly attributional approach.
11.5Impact assessment criteria
ISO guidelines (2006) require the LCA of a product or system to be comprehensive 
and consider “all attributes or aspects of natural environment, human health and 
resources”. In this research, these aspects are covered by WRATE'S six default impact 
assessment categories which are also the environmental impact criteria of the DST. 
They are: abiotic resource depletion (ARD), global warming (GW100), human toxicity 
(HT), freshwater aquatic ecotoxicity (FAETP), acidification (AP) and eutrophication (EP).
WRATE has a database of impact assessment methods, and the one used in this 
research is its default: the “Problem Oriented Approach” developed by the Centre of 
Environmental Science (CLM) at Leiden University (Guinee, Gorree et al., 2001). This 
method uses impact indicators based on the “mid-points” of the environmental cause- 
effect chain, hence balancing the uncertainty of the model and the general relevance 
of the information provided whilst avoiding the additional uncertainty introduced by 
the “end-point” approach. It has been argued that the “mid-point” approach is more 
effective in conveying the environmental impact results to stakeholders who have no
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prior exposure to LCA (Elghali, Cowell et al., 2006). This problem became evident 
during the case study feedback (cf. section 14) and the measures implemented to 
solve it are discussed at the end of this section.
Data in WRATE environmental impact databases are hardcoded and cannot be 
modified. Consequently, despite recent improvements and refinements in the impact 
assessments methodologies, e.g. Solomon’s work (2007) for the IPPC updating 
Houghton’s (2001) estimates for the relative impacts of greenhouse gases, the 
following definitions have had to be used:
•  Abiotic resource depletion (ARD). “Abiotic resources are natural resources, 
including energy, regarded as non-living” (Guinee, Gorree et al., 2001). The 
functional unit has an impact on the abiotic resources expressed in kilograms 
of Antimony (Sb) equivalent that is the indicator used for this impact category.
•  Freshwater aquatic ecotoxicity (FAETP) as in Huijbregts (1999; 2000). This 
category covers the impacts of toxic substances on fresh water ecosystems. 
The quantities are expressed in equivalent kilograms of 1,4-dichlorobenzene; 
i.e. the quantity of 1,4-dichlorobenzene with the same toxic impact.
•  Acidification (AP) as in Huijbregts (1999). The accumulation of certain chemical 
species in the soil, water and air lead to their acidification with negative 
consequences, e.g. acid rain. The acidification contribution of different 
substances is converted to kilograms of sulphur dioxide (S02) equivalent.
•  Eutrophication (EP) as in Heijungs (1992). This impact describes the negative 
consequences that high concentrations of nutrients, mostly nitrogen and 
phosphorus, have in aquatic and terrestrial ecosystems, e.g. by contributing to 
excessive biomass formation. The unit used is kilograms of phosphate ions 
(P043-) equivalent.
•  Global warming (GW100) as in Houghton (2001). Certain chemical species 
affect the fine equilibrium of the earth’s radiative budget. Their effect is usually 
measured through their contribution to the radiative forcing that is a modelling 
parameter for the so-called greenhouse effect. Because the effect of the 
different species evolves with time, equivalent factors over different timeframes 
have been created and are updated periodically. In this research, this impact 
category measures the effect of these emissions in terms of kilograms of 
carbon dioxide (0 0 2 ) equivalent using global warming potentials over a 1 0 0 - 
year time horizon (GW100).
•  Human toxicity (HT) as in Huijbregts (1999; 2000). This category describes the 
effects of toxic substances on human health through direct or indirect 
exposure. Similarly to the freshwater aquatic ecotoxicity, the quantities of toxic 
substances are expressed in equivalent kilograms of 1 ,4-dichlorobenzene.
These categories cover different environmental impacts and their results are 
expressed in different units. The numerical results for the environmental impact 
assessment of waste in any of these categories can be positive or negative. Positive 
values are associated with direct and indirect burdens whereas negative values 
represent the avoided burdens (of. section 1 1 .2 ).
Despite each impact category using different units, results can be normalised by 
relating “the magnitude of the impacts in the different categories to reference values” 
(Clift, Doig et al., 2000). Normalisation provides “a better understanding and context 
for the relative magnitude between different environmental impacts by converting 
them to a common unit” (Environment Agency, Golder Associates et al., 2007, User 
manual p. 59) and makes the results comparable and more understandable (Elghali, 
Cowell et al., 2006). In WRATE, the common unit is “the number of average European 
people that would cause the same impact over the course of a year” (Environment
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Agency, Golder Associates et al., 2007, User manual p. 59). Table 23 presents these 
normalization factors.
Impact category Normalisation factor
Abiotic resource depletion 38.76
Global Warming Potential 12,576.76
Human Toxicity 19,756.54
Freshwater aquatic ecotoxicity 1,317.85
Acidification 71.42
Eutrophication 32.56
Table 23. WRATE normalisation factors in the Impact Assessment method database (Environment 
Agency, Golder Associates et al., 2007).
Together with the “mid-point” impact indicators, normalization is another of the 
mechanisms used to simplify the presentation of the LCA results to the users of 
WRATE or the DST who are likely to be unfamiliar with LCA. Nonetheless, the 
definition of the environmental impact categories may still be difficult to understand by 
some potential DST users without a scientific background. This occurred in the 
PRUPIM case study (cf. section 14) where it proved necessary to group and simplify 
the environmental impacts into three categories:
•  Material use; i.e. the ARD results;
•  Climate change; i.e. the GW 100 results; and
•  Pollution; i.e. the remaining impacts: HT, FAETP, AP and EP.
However, this simplification does not require modifying the environmental model 
because it is implemented at the MCDA level with HiView (cf. section 12).
11.6Plant scale definition
WRATE has a process database that includes several waste treatment processes. 
Additional processes can be created ab initio or by modifying existing process. This 
last feature has been used to model technologies that can generate heat as well as 
electricity for which a representative process did not exist in the original process 
database (cf. sections 11.9 and 11.10).
WRATE allows any of the processes in its database to be used to model any plant 
capacity by linear scaling of the processes in its database (cf. section 11.4). I 
However, it can be expected that plants of a certain capacity range can be better 
represented by processes of a similar capacity; e.g. the Greenfinch, Energos and 
Compact Power processes were used in the case study as representatives of small 
scale AD, gasification and pyrolysis respectively (cf. section 14.4). Therefore, a small 
and large capacity scale have been defined for each EfW technology as shown in 
Figure 95 and Table 24 to be used as an indication of which plant capacity range can 
be better modelled by each process in the WRATE database.
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Figure 95. Plant scale graph
Capacity in tpa WRATE process
Technology Scale Minimum Maximum Name Capacity
AD
Small 5,000 60,000 Greenfinch (with CHP) Cambi
5,000
14,000
Large 60,000 400,000
Dranco
Linde
51.000
38.000
Incineration
Small 60,000 2 0 0 , 0 0 0
Chineham 
Grimsby (with CHP)
90.000
56.000
Large 2 0 0 , 0 0 0 400,000 Billingham Coventry (with CHP)
216,000
213,000
Gasification
Small 30,000 1 0 0 , 0 0 0 Energos 39,000
Large 1 0 0 , 0 0 0 400,000 Novera 105,000
Pyrolysis
Small 30,000 1 0 0 , 0 0 0 Compact Power 30,000
Large 1 0 0 , 0 0 0 400,000 Wastegen 35,000
Table 24. Technology plant scale and representative process.
11.7Model description
This section describes the generic scenarios created for the environmental analysis. 
These scenarios are grouped into two projects, according to the WRATE terminology, 
one for the thermal and another for the biological treatment technologies. Both 
projects have the common properties shown in Table 25:
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Energy
Baseline electricity mix
UK 2009. (WRATE internal database). See Figure 1 in 
appendix VIII
Marginal electricity mix UK 2009. (WRATE internal database). See Figure 2 in appendix VIII
Waste
Total waste quantity 350,000 tonnes per annum
Composition 100%  default WRATE MSW . See Figure 3 in appendix VIII.
Plant/facilities capacity
AD treatment plants 1 0 0 , 0 0 0  tonnes per annum
Incineration treatment plants 260,000 tonnes per annum
MBT pre-treatment plants 250,000 tonnes per annum
Gasification/Pyrolysis treatment plants 150,000 tonners per annum
Landfill 350,000 tonnes per annum
Collection distances
Refuse collection vehicles
1 0 0  km round trip
33%  urban; 33%  rural; 34%  highway
Table 25. Project properties for environmental analysis scenarios.
These values are used for the general comparison presented in section 11.11. 
Nonetheless, it will be necessary to customise them for each particular case study 
with the appropriate collection strategies, distances, specific pre-treatments, energy 
mix, etc. to calculate the criteria values that will then be scored and weighted in the 
MCDA part of the DST. An example of these is shown in the PRUPIM case study (cf. 
section 14).
11.7.1 Thermal treatment model description
This section describes in detail the WRATE scenarios created for the thermal 
technologies.
The project information form (of. Figure 96) is the starting point where all project 
details and information on the waste managed^ and electricity mix are brought 
together. In addition, the number of residents, in total and per household, are 
introduced to calculate the number of households and waste containers in each 
scenario.
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Figure 96. Project Information form
Secondly, each scenario is created visually by linking the storage, collection, 
transport, treatment, recycling and disposal processes with arrows representing waste 
flows between processes. An example of a scenario is pictured in Figure 97 where the 
different processes are grouped and labelled according to their type. The thicknesses 
of the arrows between processes are proportional to the amount of waste flowing 
between them. In some processes, the input and output mass percentages shown do 
not seem to match but this is due to evaporation, air emissions, etc. occuring within 
the process.
Tieatnnent
Collection/
Transport'
w l Bottom ash 
recycling
SIM / T — )  \ DisposalPre-treatment
1 454% 1
I 1 I
Materials recycling sioc lOPE vaesa 'frnx* mGati A,vr*iun
Figure 97. Example of WRATE model of a thermal treatment scenario.
WRATE analyses the environmental impacts of the waste from the moment it starts to 
be waste, e.g. when deposited in wheelie bins outside houses. Therefore, the amount
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and composition of waste at that point is introduced in the project information form 
and is represented by the green icon on the left of Figure 97.
All scenarios assume all waste is stored in one wheelie bin per household, represented 
by the storage process in Figure 97. Refuse collection vehicles collect the waste from 
the wheelie bins at the kerbside and transport it to recycling, pre-treatment or 
treatment facilities. Details of these processes can be found in appendix VIII.
A distribution matrix for each process defines the amount, in percentage, of each 
waste stream passed to the downstream processes. The matrix rows are the different 
waste streams whilst the columns represent the downstream processes. The 
percentages in each row must add to 100% . Moreover, these percentages have some 
restrictions depending on the type of material that each downstream process can 
accept, e.g. an AD plant does not accept combustible materials, and these restrictions 
are hardcoded into each WRATE process definition. A possible example of a 
distribution matrix for a generic MBT pre-treatment process is represented in Table 
26.
Waste
stream
%  to 
gasification
%  to glass 
recycling
%  to metal 
recycling %  to landfill
Glass 0 99 0 1
Metal 0 0 99 1
RDF 1 0 0 0 0 0
Table 26. Example of waste streams distribution matrix for a generic MBT plant process
Following this example. Table 27 presents the distribution matrix of the storage 
process in the thermal treatment scenarios defining the percentage of each waste 
stream that is recycled or goes to the thermal EfW plant. These percentages are 
selected so that the dry recycling percentage, i.e. excluding composting, achieved in 
the model is similar to that of the top 25%  recycling local authorities in England 
(DEFRA, 2007). This distribution embodies the division between recyclable and 
residual waste and makes the model representative of the current UK situation.
Waste stream %  to recycling %  to thermal treatment
Paper and card 70 30
Plastic film 30 70
Dense plastic 30 70
Textiles 0 1 0 0
Absorbent hygiene products 0 1 0 0
Wood 0 1 0 0
Combustibles 0 1 0 0
Non-combustibles 0 1 0 0
Glass 90 1 0
Organic 0 1 0 0
Ferrous metal 90 1 0
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Waste stream %  to recycling %  to thermal 
treatment
Non-ferrous metal 90 1 0
Fines 0 1 0 0
WEEE 0 1 0 0
Flazardous household waste 0 1 0 0
OVERALL percentage to each 
treatment with WRATE’s default 
MSW  composition
27.1 72.9
Table 27. Distribution matrix for the storage process in the thermal treatment scenarios defining 
the percentage of each waste streams going to thermal treatment or recycling.
According to the distribution defined in Table 27, waste is collected and transported in 
a typical Refuse Collection Vehicle following 100 km collection rounds, as described in 
the general assumptions set out in section 11.4.
If necessary, residual waste is pre-processed, e.g. dried, sorted, etc. in the MBT plant. 
The drying process removes moisture so the input tonnage is larger than the output, 
that consists of RDF and other recyclable streams. The treatment plants (cf. section 
11.9) receive either unsorted residual waste or pre-processed RDF from which they 
recover energy and leave around 25%  of the mass input as two types of solid by­
products: bottom ash and an air pollution control residue or fly ash. The former is sent 
to bottom ash recycling facilities where it is transformed into aggregates and 
accounted as recovered material, whilst the latter is treated as final waste and 
disposed of to landfill,
11.7.2 Biological treatment model description
This section describes in detail the WRATE scenarios created to calculate the 
environmental impacts of biological technologies, i.e. anaerobic digestion.
Compost use
Collection/
Transport Treatment
1
RCVIo
treatment
AD wf»u) CHp^rn^ll 
scale (Greenfincti 
based)
Ccmposl Use
Disposal
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Test (waste
45 J0% 45,50%
RCVtoland andfliiBins
Storage
Materials recycling
. 135% 1 14.20%
T
1
1
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Figure 98. Example of WRATE model of a biological treatment scenario
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An example of these is pictured in Figure 98 showing the different processes in the 
scenario grouped by type.
The initial steps to create a project in WRATE with scenarios using different biological 
processes are similar to those for thermal processes described in section 11.7.1. 
These include the definition of waste quantities and composition and the energy mix 
following the assumptions described in section 11.4.
The distribution matrix of the storage process defines the percentage of each waste 
stream that is recycled, digested or disposed to landfill within the scenario. Biological 
treatment processes have more restrictions on the feedstock they can treat than 
thermal technologies (cf. Section 11.10). Despite some of the biological processes in 
the WRATE database accepting minimal quantities of paper, cardboard or absorbent 
hygienic products, in the scenarios analysed in section 1 1 . 1 1  it is assumed that only 
the organic fraction is collected and treated in the biological treatment processes. 
Flowever, similarly to the thermal scenarios, it is acknowledged that these percentages 
may have major impacts on the results and therefore they must be subject to 
sensitivity analysis (of. section 13.2). Table 28 shows the distribution matrix for each 
waste stream between recycling, biological treatment or disposal to landfill. Again, the 
dry recycling figures represent typical percentages for the top 25%  recycling local 
authorities in England (DEFRA, 2007).
Waste stream % torecycling
%  direct to 
landfill
%  to 
biological 
treatment
Paper and card 70 30 0
Plastic film 30 70 0
Dense plastic 30 70 0
Textiles 0 1 0 0 0
Absorbent hygiene products 0 1 0 0 0
Wood 0 1 0 0 0
Combustibles 0 1 0 0 0
Non-combustibles 0 1 0 0 0
Glass 90 1 0 0
Organic 0 1 0 90
Ferrous metal 90 1 0 0
Non-ferrous metal 90 1 0 0
Fines 0 1 0 0 0
WEEE 0 1 0 0 0
Hazardous household waste 0 1 0 0 0
OVERALL percentage to each 
treatment with W RATE’s 
default M SW  composition
27.0 45.5 27.5
Table 28. Distribution matrix for the storage process in the biological treatm ent scenarios defining 
the percentage of each waste stream going to biological treatment, recycling or direct to landfill.
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11.8 Common scenario processes
Several processes from the WRATE database have been used in many of the different 
scenarios modelled. These include collection in wheelie bins, landfilling and recycling . 
These common elements are described in appendix VIII.
As mentioned in section 11.4, these elements are not directly included in the 
economic model but had to be incorporated in the WRATE environmental analysis 
because each scenario models a holistic waste management system of which the EfW 
plant is just a part.
11.9 Thermal technology processes
This section describes the modifications implemented in the equations used in 
WRATE to model selected EfW thermal technologies with and without CHP.
Some of the processes considered in the economic and technological analyses do not 
exist in the WRATE process database; therefore, new “user-defined” processes had to 
be created. This could have been done either ab initio or by modifying existing 
process models. The latter approach was used, so existing WRATE power-only 
process models were modified to represent incineration, gasification, and pyrolysis 
technologies that export not only electricity but also heat.
By comparing the equations used in the processes representing CHP incineration 
plants, e.g. Coventry and Grimsby (of. appendix VIII), with those representing power- 
only plants, e.g. Chineham and Billingham (of. appendix VIII), the particular equations 
that modelled heat generation within these processes were identified. Additionally, this 
comparison established that processes representing power-only technologies use one 
set of equations whereas technologies capable of generating heat and power are 
represented by another set of equations regardless of the specific technology, e.g. 
grate incineration, rotary kiln incineration or gasification. This fact has been used to 
model CHP technologies, e.g. gasification and pyrolysis CHP plants, by modifying 
existing models of power-only processes.
For example, in power-only processes the energy recovered equals the energy output, 
i.e. “electricity to the grid” in WRATE’s nomenclature. However, when heat is taken 
into account, the “total energy recovered” includes both “electricity to the grid” and 
“external heat”, which are WRATE’s nomenclature for exported electricity and heat, as 
shown in (Eq. 5).
TOTAL ENERGY RECOVERED = ,r- c\(kq. o)
J  1*[PR0C EN PRODUCTS. ELECTRICITY TO THE GRID] +
1^[TYPICAL_T0TAL.NET_CV]J L -  -  _  _ _ j
[USER _ TOTAL. NET _CV] pN PRODUCTS. EXTERNAL HEAT]
[TYPICAL _ TOTAL NET_CV] j  l -  -  -  J
The other difference found between the models of power only and heat and power 
processes is in the “Process energy production” group of equations. The models 
representing CHP technologies have the “External Heat” equation shown in (Eq. 6 ) 
added to represent heat generation from the plant.
EXTERNAL HEAT=
[USER_TOTAL. NET_CV] 1 * _ PRODUCTS. EXTERNAL _ HEAT]
[TYPICAL _ TOTAL. NET_CV]
Pablo Izquierdo Lopez
EngD Dissertation__________________________________ Volume I_____________________________Page 180
In the newly created process models, the amount of heat generated is calculated 
assuming a heat-to-power ratio of 2:1 (of. section 11.4)
Appendix VIII contains an overview of each existing and newly created EfW thermal 
process with information from the documentation section contained in the WRATE 
database (Environment Agency, Golder Associates et al., 2007).
11.10Biological technology processes
Similarly to the thermal processes reviewed in section 11.9, the equations describing 
power-only and CHP biological treatment processes in WRATE’s database have been 
compared to identify their differences and to create new models to represent heat and 
power biological processes.
Technologically, the modifications required in an AD plant to export heat are minimal. 
In fact, most AD plants already burn biogas in CHP engines to produce heat, in 
addition to electricity, to maintain the temperature of the digestion tanks whilst 
dumping any surplus heat. Therefore, the only technical modification required by 
existing power-only AD plants would be to collect and distribute the heat currently 
dumped, e.g. in a district heating scheme.
Similarly to the thermal treatment processes, comparing the equations of different AD  
processes established that only two sets of equations are used for representing CHP  
or power-only AD processes despite some technology variations, e.g. wet or dry AD. 
Therefore, new CHP AD processes have been created by modifying power-only AD  
processes with the identified equations for CHP processes and vice versa.
For example, the comparison of the model based on the Greenfinch CHP plant (cf. 
appendix VIII) and models for other electricity-only AD processes, such as the Combi 
process (cf. appendix VIII), identified two differences. The first was the “Total energy 
recovery” equation. (Eq. 7) is the version of this equation for CHP processes and 
differs from that of the electricity-only processes because of the additional 
“PROC_EN_PRODUCTS.EXTERNAL_HEAT” term that represents the exported heat.
TOTAL ENERGY RECOVERY^
J  USER_ TOTAL. CARBON_ BIO (Eq. 7)
TYPICAL TOTAL. CARBON BIO ^
* ([PROC _ EN _ PRODUCTS. GRID] + [PROC_ EN _ PRODUCTS. EXTERNAL _  HEAT])
The second difference identified is (Eq. 8 ). Power only processes do not have the 
“External Heat” term in the “Process energy production” group of equations, in 
contrast to models representing biological heat and power generation technologies.
EXTERNAL HEAT=
USER TOTAL. CARBON BIO
TYPICAL TOTAL. CARBON BIO
' [PROC _  EN _  PRODUCTS. EXTERNAL HEAT]
(Eq. 8 )
Conversely, two other modifications were needed to create a customised version of 
the Greenfinch process without the capacity to export heat. The first change is to 
replace the “Total Energy Recovery” equation describing the CHP process with (Eq. 
5), that is the version of the equation used to describe all remaining AD electricity-only 
processes. The second was to delete the “External Heat” (Eq. 8 ) equation.
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TOTAL ENERGY RECOVERY=
_[ USER_TOTAL.CARBON_BIO 1 .[p rq c _ e n _ P R O D U C T S .G R ID ]
I TYPICAL TOTAL. CARBON BIO
The same assumptions regarding the avoided burdens and the heat-to-power ratio 
used for the thermal processes apply for the biological processes (cf. section 11.4).
The biological waste treatment processes included in the WRATE database and their 
customised version are described in appendix VIII, based on information from the 
documentation section in the WRATE process database (Environment Agency, Golder 
Associates et al., 2007).
11.11 Environmental analysis results
This section discusses the combined results of two projects (cf. section 11.3) that 
have been created with the general properties described in Table 25. The first project 
includes scenarios with the thermal treatment processes described in section 11.9 
and appendix VIII and with the mass distribution described in Table 27. The second 
project includes scenarios that use the biological processes described in appendix VIII 
and in section 11.10 and with the mass distribution described in Table 28. In each of 
the projects, a “1 0 0 %  landfill” scenario, where all waste goes to a landfill, is used for 
comparison. Appendix VIII presents the detailed results obtained for each scenario of 
these projects.
For any of the scenarios describe above, WRATE can calculate what it defines as 
“headline values” that consist of the energy generated during a year (of. Figure 100) as 
well as the amount of waste recycled, recovered, digested or landfilled also during a 
year (cf. Figure 99). The amount of recycling is calculated as the sum of the quantities 
going to the recycling processes in each scenario. The amount of waste directly 
landfilled or that ends up in landfill after being processed, e.g. fly ash, is defined as 
“waste landfilled” whereas the amount of waste treated in an AD plant counts towards 
the “waste digested”. Finally, the waste quantities that are diverted into any other 
treatment process are said to be “waste recovered”. Unfortunately, these definitions 
imply some double counting so the “headline values” should be considered as 
indicative rather than accurate. For example, some of the waste treated in an 
incinerator, and therefore accounted as “waste recovered”, ends up as fly ash that has 
to be disposed of to a landfill. This causes the quantity of fly ash to be double counted 
as both “recovered” and “landfilled”. As a result of the double counting, the sum of the 
waste quantities in the “headline values” may be higher than the total waste in the 
scenario as seen in Figure 99. Conversely, the total amount of waste can also be less 
than the initial amount of waste in the scenario due to evaporation losses such as in 
M ET plants.
The “headline value” results shown in Figure 99 are averages of all scenarios with the 
same technology process, e.g. incineration, AD, etc. in the two general projects. 
These results demonstrate that for similar levels of recycling, incineration plants treat 
more waste than gasification/pyrolysis plants and these more than biological 
technologies. Conversely, the amount of waste landfilled is larger for the biological 
than for the thermal treatment scenarios. These results were expected because of the 
wider range of feedstocks accepted by thermal technologies.
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Figure 99. Quantities of waste managed by final destination
Two general conclusions can be drawn regarding the energy generation estimates 
presented in Figure 100, which are in agreement with the economic model findings. 
The first is that CHP technologies, represented with striped bars, recover more energy 
from the waste than electricity only plants, represented with solid bars in the figure. 
Secondly, thermal treatment plants recover more energy than biological treatment 
facilities because they process more waste, but also because they are more efficient 
in the amount of energy generated per tonne as discussed in sections 5 to 8 . 
Furthermore, the landfill reference scenario also generates some energy because 
WRATE assumes that the landfill gas is used to generate renewable electricity.
Energy generation by different EfW scenarios treating 350,000 tpa
1200
WOO
I  800 4 
I  600
H 400  
200 4 
0 I IillI n
Figure 100. Energy generated by different EfW scenarios in the environmental analysis
Overall, the environmental impact results show that EfW technologies perform much 
better than landfill on the ARD and GW 100 categories and similarly in all other impact 
categories, thus supporting the waste hierarchy ranking.
As mentioned before, WRATE can calculate the environmental impacts of all 
processes in a scenario or of each process independently. This feature allowed to 
carry out a detailed analysis of the environmental impacts associated only to the
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thermal and biological processes in each scenario, i.e. excluding the environmental 
impacts of other waste activities.
The analysis of the results of the thermal EfW technologies processes alone show that 
in addition to the large avoided burdens in the ARD and GW 100 impact categories, 
the remaining impacts are also reduced. For example, the HT impact is almost zero 
and FAETP results are slightly negative for all technologies. Finally, the AP and EP 
results are positive, i.e. adverse impacts, for incineration technologies and very close 
to zero for gasification and pyrolysis. These results are shown in Figure 101 t o l l .
When the environmental impacts of the complete thermal treatment scenarios are 
considered, i.e. including the impacts of the EfW plant and all the other waste 
management activities, the avoided burdens are larger in the ARD, GW 100, FAETP 
and AP categories with little variations in the remaining impact categories. This is 
mostly due to the avoided burdens associated with recycling.
Contribution of incineration treatments to overall scenario impacts
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Figure 101. Contribution of incineration treatments to overall scenario environmental impacts
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Contribution of gasification treatments to overall scenario impacts
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Figure 102. Contribution of gasification treatments to overall scenario environmental impacts
Contribution of pyrolysis treatments to overall scenario impacts
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Figure 103. Contribution of pyrolysis treatments to overall scenario environmental impacts
For biological treatments, the environmental impact results of AD technologies alone, 
i.e. excluding other waste management activities, are positive in the AP and EP impact 
categories and close to zero for the HT and FAETP categories. Conversely, AD avoids
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large impacts in the ARD and GW 100 categories as shown in Figure 104. Nonetheless, 
the avoided burdens are much lower in value than those for thermal EfW technologies.
The analysis of the environmental impacts for the complete biological treatment 
systems reveals some differences when compared with the environmental impacts of 
the AD plants alone. It can be seen that AD contributes to reduce the ARD and 
GW10Q environmental impacts, whereas it makes a minimal contribution to the HT 
and FAETP categories. However, AD has adverse impacts in the AP category although 
the overall scenario results are negative and its adverse impacts on the EP category 
are increased by the other waste management activities.
Contribution of biological process to overall scenario impacts
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Figure 104. Contribution of AD treatments to overall scenario environmental impacts
Following the principles of LCA, it could be expected that at least a proportion of the 
environmental benefits of EfW plants would come from the avoided burdens 
associated with displacing other energy sources and production of virgin materials in 
the background system. Therefore, thermal treatments that process more waste and 
recover more energy avoid more environmental impacts than biological treatments. 
Similarly, CHP processes that generate more useful energy from the same amount of 
waste also have better environmental performance than electricity-only plants.
This is confirmed by the numerical results that show how EfW technologies contribute 
to avoid environmental impacts, particularly in the ARD and GW 100 categories. This 
contribution is further increased in the case of CHP plants and even more when the 
environmental benefits from the whole waste management system, and thus the 
environmental benefits of recycling, are considered.
The particular differences between the various processes implementing the same 
technology (e.g. different incineration processes, and plants with and without CHP) 
are explored in detail in the sensitivity analysis section 13.
The particular differences between the various processes implementing the same 
technology (e.g. different incineration processes, and plants with and without CHP) 
are explored in detail in the sensitivity analysis section 13.
Pablo Izquierdo Lopez
EngD Dissertation Volume Page 186
12 Scoring and weighting
12.1 Scoring
Scoring is the MCDA process of normalising the criteria results for each of the 
different technologies considered so that they can be compared together. For 
example, scoring allows putting together the environmental impact results, measured 
in number of European people equivalent (of. Table 23), with the capital costs and 
NPV, measured in pounds sterling. This normalisation reduces each criterion value to 
a unitless number whose value is assigned in relation to the results of the other 
technologies considered for the same criterion.
There are two possible relations between the criteria values and their scores:
•  Direct scoring scales are created with the lowest and highest results for each 
criterion being the bottom and top of a 1 0 0 -point scale and the remaining 
results distributed proportionally. These scales are used for criteria where the 
higher the final criteria value the better, e.g. NPV.
•  Reverse scoring scales are created with the lowest and highest results being 
the top and bottom of the scale, i.e. opposite the direct scoring scales, and the 
other results distributed proportionally. These are used when the higher the 
criterion result the worse, e.g. the GW 100 category.
Figure 105 uses the initial capital cost criterion example for the PRUPIM case study 
(cf. section 14) to illustrate a reverse scoring scale.
Scenario
Gasification/ 
Pyrolysis with 
CHP
Gasification/ 
Pyrolysis 
without CHP
Anaerobic 
Digestion with 
CHP
Anaerobic 
Digestion 
without CHP
Initial capital cost £16,619,015 £15,459,549 £2,996,073 £2,787,044
Score 0 8 98 100
Scoring scale
0 8 9 8 1 0 0
Figure 105. Reverse scoring scale example.
12.2 Weighting
Weighting is the MCDA process that incorporates stakeholders’ qualitative opinions 
into the final results. Weights are assigned to each individual criterion because not all 
criteria are equally important to the internal, or even external, stakeholders. It can be 
envisaged that pushed by legislation, market forces, etc. some internal stakeholders 
may place more emphasis on environmental aspects. On the contrary, others may 
consider costs more important, or technical aspects may greatly influence the 
decision. Therefore, weights reflect the significance placed by stakeholders in each
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criterion (DTLR, 2000). However, the weighting procedure needs to be discussed with 
the stakeholders to ensure a proper understanding of the procedure and a fair 
implementation of it.
-Odour
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-Visual intrusion
-Technical criteria
-W aste availability
-Land availability
-Tech proven?
■Initial capital cost
Root Node- -Econom ic criteria-
-Materials use-
-N et Present Value
 PaybacMRR
--------------------- ARD
-C lim ate change- -C W 1 0 0  
 EP
-Env criteria
-Pollution
-A P
-FA E TP  
 HT
Figure 106. Criteria decision tree.
The DTLR (2000) guidance suggests to organise the criteria into two groups at the top 
of the decision tree such as cost and benefits. However, the DST is intended to 
provide a ranking of the most adequate EfW technology for a given development 
based on the technical, economic and environmental aspects hence these three have 
been used as the top nodes of the decision tree.
In this research, a double weighting system is used. A weight is assigned to each 
individual criterion, i.e. the rightmost elements in Figure 106, and another weight is 
assigned to each of the three criteria groups, i.e. the nodes hanging from the root 
node on the right of Figure 106.
In the first weighting round, every individual criterion, regardless of the criteria group it 
belongs, is given a relative weight according to its relevance to the stakeholder; a 
value of 100 is given to the most important and 10 to the least preferred. In the 
second weighting round, each criteria group, namely, technical, economic and 
environmental are assigned weights again in relation to one another by distributing 
1 0 0  points between them three giving more points to the criteria group considered 
most important and less to the least important. This technique is known as “swing 
weighting” technique by DTLR (2000,section 6.2.10) and consists of users assigning 
weights based on “the most and least preferred option and how much they care about 
the difference” (DTLR, 2000,section 6.2.10). In doing that, “weight on a criterion 
reflects both the range of difference of the options, and how much that difference 
matters” (DTLR, 2000,section 6.2.10).
Once the weights are assigned to each criterion and to the three groups of criteria, the 
scores of each criterion are multiplied by its own weight and the weight of the group it 
belongs to find out its double weighted score. This process is shown schematically in
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Figure 107. This double weighting feature allows checking on the consistency of the 
stakeholders’ opinions during the weighting exercise. For example, an inconsistent 
weighting would happen if the relative sum of the weights assigned in the first 
weighting round to the criteria in one group is not similar to the weight assigned to the 
same group as a whole in the swing weighting phase. These inconsistent weighting 
may appear if the stakeholders try to make up their environmental credentials. For 
example, if they assign higher weights to the environmental criteria group just because 
it has the “environmental” word in it rather than assigning substantial individual 
weights to the environmental criteria.
The sum of the double weighted scores for all criteria yields the final results for each 
scenario whilst the final ranking of all technologies is created by putting together the 
final results for all scenarios as shown in Figure 107.
Scenario X (e.g. AD without CHP)
Technical 
criterion 1 
score
Overall (% ) 
technical 
weight
Total Technical 
result
Relative (% ) 
criterion weight
Relative weights 
are assigned for 
each criterion
100 most important
10 least important
100 weights points 
are distributed for 
each group of 
criteria
Final result 
for scenario X
Figure 107. Two stage weighting process
The combined scoring and weighting method ensures that absolute values do not 
distort the results whilst reflecting relative importance. However, if only a final ranking 
was presented that will aggregate information and the trade-offs between different 
criteria will not be evident (Clift, 2006). In order to avoid obscuring information, 
weights will also be presented with the criteria scores. An example of this is shown in 
the conclusions of the case study (cf. section 14.6).
12.3Scoring and weighting software
There were two alternatives to implement the scoring and weighting mechanisms just 
described.
The first was to create a bespoke worksheet to calculate the criteria scores based on 
their values and to assign weights according to stakeholders’ preferences. This 
bespoke worksheet should allow sensitivity analysis to be carried out on the results to 
see how they change with variations in other parameters.
The second alternative was to use commercial software. To explore this possibility, 
three different commercial software programmes were trialled:
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•  Expert Choice 11.5
•  Logical Decision 6.1
•  Catalyze HiView 3.2
All these programmes are used in MCDA and have the required capabilities of scoring, 
weighting and sensitivity analysis.
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Figure 108. HiView 3.2 screen capture
The results of the environmental and economic models for a test set of technologies 
were scored with the different programmes. Then, different weights were assigned to 
each score and the final results compared.
During this process, the ease of data input, the documentation on the internal 
algorithms, the presentation of the results, the range of analysis that could be carried 
out, the “look and feel”, etc. for each software was considered.
After this process, and considering the possibility of creating a bespoke solution, the 
commercial software HiView 3.2 (Catalyze, 2008) was selected as the most adequate 
for the purposes of this research.
HiView 3.2 has the following benefits (Catalyze, 2008) mostly coming from the 
underlying MCDA theory:
•  It can manage conflicting objectives allowing the all stakeholders' opinions to 
be considered and modelled.
•  It can include qualitative decision criteria through the integration of the sub- 
programme MACBETH that can incorporate fully qualitative verbal judgements.
•  It can build transparent models and clearly present the results.
•  It can be used to carry out graphical sensitivity analysis to determine the model 
robustness or its sensitivity to a particular score or preference.
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13 Sensitivity analysis
Sensitivity analysis is the study of how the uncertainty in the model outputs can be 
apportioned to the model inputs’ uncertainty (Saltelli, Tarantola et al., 2004), i.e. to 
identify the most influential inputs on the outputs, although it can also be used to 
assess the robustness of the model’s results.
In this research, different approaches, depending on the complexity of the model, the 
type of data and their availability have been used to carry out sensitivity analysis on 
the DST components. For example, the variability of the quantitative inputs to the 
economic and environmental models can be presented as a continuous distribution, 
e.g. normal Gaussian distribution around an average value, or as discrete and 
exclusive alternatives, e.g. treat the waste in an EfW plant or recycle it. Further details 
of these distributions are provided in section 13.1.1. However, quantitative data are 
not the only variable data in the DST; qualitative data, that appears associated with 
the stakeholders’ opinions, also incorporates variability whose impact needs to be 
assessed (cf. section 13.3).
The results of the analyses (of. section 13.1.2) are presented with graphical tools such 
as tornado graphs, which are particularly useful to communicate importance 
measures, and box-and-whisker plots, which more suited for representing uncertainty 
analysis results (Bolado-Lavin, Castaings et al., 2009).
As described in section 2.7, no specific sensitivity analysis was carried out for the 
Waste Estimation Tool because of the patchy data available (cf. section 3). Instead, 
the quantity and composition estimates are given as a range with the most likely value 
assumed to be the average as presented in the paper submitted to the 
Communications in Waste and Resource Management journal (of. appendix II) 
(Izquierdo Lopez, Cripps et al., 2009).
Because the economic model was created for this research, it was possible to carry 
out a Monte Carlo analysis to quantify the sensitivity of the model’s outputs. This 
includes for example the NPV depending on the input variations, e.g. feedstock 
availability. Further details on this analysis are presented in section 13.1. Moreover, 
not only was a direct sensitivity analysis carried out, but also a reverse analysis or 
“goal seek”, i.e. to estimate how much an input would need to change for an output to 
reach a required level. In this research, this method has been applied to the gate fee 
analysis to assess the minimum gate fee that would make a project profitable, i.e. NPV  
> 0 .
In the case of the environmental analysis, WRATE does not incorporate sensitivity 
analysis within itself; hence, simulations were carried out for a range of alternatives 
and the output change was analysed accordingly.
Finally, a sensitivity analysis is also necessary to assess the influence of the weights 
assigned to the criteria scores in the DST results. This qualitative data variability stems 
from the stakeholders whereas the quantitative data variability arises from the data  
itself; nonetheless, both may have the same effects in the final ranking of 
technologies. In this research, the “sensitivity-up” tool in HiView 3.2, the software 
used for decision modelling, was used to investigate the effect that changes of the 
weights assigned may have on the final technology ranking of the DST.
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13.1 Sensitivity analysis of the economic model
The sensitivity analysis of the economic model has been done using the Monte Carlo 
analysis that is a statistical simulation process used to assess the possible outcomes 
of a problem. This technique is generally used to analyse complex problems for which 
the definition of specific equations is not possible or impractical.
Typically, in Monte Carlo analysis, input variables are represented as distributions of 
values from which random samples are taken to generate approximate solutions. The 
input variables can be represented by continuous distributions, e.g. normal Gaussian 
distribution around an average value, or as discrete and exclusive alternatives, e.g. 
treat the waste in an EfW plant or recycle it. In this research, both distributions are 
used (of. section 13.1.1).
The Monte Carlo analysis can generate a probability function for the model outputs 
hence giving an idea of how the outputs will behave for a variable set of input
conditions. Nonetheless, in this research, the results are not matched to a probability
function because the economic model itself can be used to estimate the outputs for a 
given set of inputs. Even more relevant than matching the outputs to a probability
function is analysing the correlation of the inputs on the outputs. The sensitivity
analysis can identify which inputs have more influence, positive or negative, over the 
outputs; hence, showing which input changes may pose potential risks for the project 
or where further detail and information might refine and improve the model.
In this research, a Monte Carlo analysis has been carried out for the economic model 
with the software ©Risk v5.0 that is very well known and reputable Microsoft Excel 
“add-in” to carry out this type of analysis (Palisade, 2009). The software ©Risk has 
been used to model several alternatives to assess the sensitivity of the original 
economic model spreadsheet results to the different input parameters.
Section 13.1 starts describing the model’s inputs and outputs used in the sensitivity 
analysis of the economic model followed by the general results (of. section 13.1.2) that 
identify the individual factors or groups of them whose variation influences the most 
the economic model results. These factors include the plant throughput and capital 
costs, technology type and operational mode as well as the price of ROCs and gate 
fees. All these are analysed in detail in sections 13.1.3 to 13.1.8).
13.1.1 Inputs and outputs
To implement the Monte Carlo analysis in the economic model, all the economic 
inputs have been modelled as one of the following distribution types:
•  The discrete distribution. Many of the economic variables, for example the 
expected heat or electricity retail and wholesale prices, are modelled into three 
possible sets of values: minimum, median and maximum. Therefore, a discrete, 
as opposed to continuous, distribution is used to assign possibilities for the 
possible evolutions modelled by the different sets of values. The probability 
distribution is 25%  to the minimum and maximum sets, represented by 
numbers 1 and 3, and 50%  to the average set of values represented by 
number 2. This distribution means that the average set of values will be twice 
more likely to happen than the other two. The distribution is shown in Figure 
109.
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Figure 109. Probability density of discrete distribution.
•  Triangular distribution. This continuous type of distribution is used for input 
parameters where the difference between the minimum and average values is 
much larger than between the average and maximum values or vice versa. This 
is the case when the majority of the sources report one range for the 
parameter values, but a few other sources report values outside it, as for 
example the CV of MSW . The average parameter value is assigned the highest 
probability, i.e. the apex of the probability function triangle, whereas the 
minimum and maximum parameter values are the limits of the distribution with 
zero probability as shown in Figure 110.
C a lo rific  V a lue
Triang(9.9.5,ll)
Figure 110. Probability density of triangular distribution
•  Normal distribution. Finally, other parameters have been modelled with normal, 
i.e. Gaussian, continuous distributions. These include the plant throughput for 
a given year, the plant capital cost, gate fees, etc. The normal distribution 
mean is the expected average value calculated by the economic model 
whereas the standard deviation has been assumed to be a tenth of the mean 
to represent potential higher variability in larger and complex plants, e.g. 
capital costs. In addition, some of these normal distributions are truncated to 
avoid parameters with non-allowed values, e.g. negative capital costs or gate 
fees, or yearly operating hours above 8,760.
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Figure 111. Probability density of normal distribution
Appendix VII has the list of all the input variables and their associated distributions
As well as choosing and modelling all the different inputs for the Monte Carlo analysis, 
it is necessary to select the model outputs that ©Risk will monitor. The economic 
model’s outputs chosen are the NPV at the end of the considered project lifetime, i.e. 
the final NPV, and the payback period. The other quantitative criterion assessed in the 
economic part of the DST’s MCDA stage, (of. Table 1) is the plant’s capital cost, but in 
the sensitivity analysis, it is actually an input. This is because the plant’s capital cost 
used in the economic model is just a best-fit estimation to the available data (of. 
section 10.13) and as an estimation it will have variability. Consequently, in the 
sensitivity analysis, the plant capital cost is modelled as a normal distribution around 
the estimated value and it is considered an input in the sensitivity analysis rather than 
an output.
13.1.2 General results
Many of the graphs in this section use a “minimum throughput” category that is the 
minimum techno-economic design throughput as described in section 10.5.5. Despite 
being different for each technology, this category allows a simpler and clearer 
presentation of the results. Table 29 shows the actual “minimum throughputs” for 
each technology (extracted from Table 11).
Technology “Minimum
throughput”
Anaerobic Digestion 5,000 tpa
Gasification 30,000 tpa
Pyrolysis 30,000 tpa
Incineration 60,000 tpa
Table 29. Minimum throughput equivalents for each technology
In general, the more simulations carried out in Monte Carlo analysis the more precise 
the results. Therefore, after a few preliminary simulation runs to assess how the 
number of simulations influenced the results, the number of 5,000 simulations for each 
scenario was selected. This number was found to provide accurate results, i.e. the 
final results did not differ from scenarios using more simulations, whilst not requiring 
long execution times.
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For each simulation, each of the inputs is randomly generated according to the 
defined probability distributions, and then the economic model is run and the inputs 
and outputs recorded. A statistical summary of set of results of all simulations for a 
scenario can be presented graphically as a whisker plots showing the distribution 
percentiles as shown in Figure 112.
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Figure 112. W hisker plot legend explanation
NPV distribution for AD with CHP 150,000 tpa
The Monte Carlo analysis identifies the most influential inputs on the model outputs 
and the results are usually represented in “tornado graphs”, named after their 
resemblance with a swirling tornado, and example of which is shown in Figure 113.
NPV tornado chart AD with CHP
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Figure 113. Tornado graph for NPV of AD plants w ith  CHP
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Tornado graphs rank the most influential inputs from top to bottom on the vertical axis 
and plot the regression coefficients as percentages in the horizontal axis. Regression 
coefficients are numbers between -1 and 1, usually represented as percentages. They 
represent the effect that inputs changes will have in the outputs and therefore there is 
a regression coefficient for every pair of input-output. For example, if they are 
negative, an input increase implies an output’s decrease and vice versa. Particularly, 
increasing an input by an amount equal to its standard deviation increases the output 
by its standard deviation multiplied by the regression coefficient (Palisade, 2009). For 
example, if the capital cost input has a standard deviation of £10m, the NPV a 
standard deviation of £5m and the regression coefficient between them is -20% , an 
increase of £10m in the capital cost would bring the NPV down by £1m.
As an example. Figure 113 combines the tornado graphs for different AD plant with 
CHP design capacities showing how the influence of various inputs on the outputs 
changes with the plant scale. Similarly, Figure 114 shows the tornado graph for the 
payback period on AD plants with CHP and for different scales.
Payback tornado chart AD with CHP
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Figure 114. Tornado graph for payback of AD plants with CHP
The analysis of the regression coefficients in the tornado graphs shows which inputs 
influence more the NPV and the payback for each technology. This research has 
found with the economic model sensitivity analysis that the plant throughput, i.e. the 
actual quantity of waste processed for a fixed plant scale, and the price paid for the 
Renewable Obligation Certificates (ROCs) have constantly high regression coefficients 
with the payback and the NPV at all plant scales. Therefore, these are the two most 
influential inputs on the EfW technologies. Table 30 and Table 31 show the top five 
economic model inputs with the highest regression coefficients with payback and NPV 
respectively for all EfW technologies and different plant scales. The plus and minus 
signs indicate if the regression coefficient is positive or negative with the relevant 
output.
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Minimum throughput 150,000 tpa 400,000 tpa
Plant throughput (-) Plant throughput (-) ROCs (-)
Capex (+) ROCs (-) Plant throughput (-)
Gate fee (-) Capex (+) Capex (+)
ROCs (-) Gate fee (-) Electric efficiency (-)
Maintenance (+) Electric efficiency (-) Electricity price (-)
Table 30. Most influential inputs on ail technologies payback for different plant scales
Minimum throughput 150,000 tpa 400,000 tpa
Plant throughput (+) Plant throughput (+) ROCs (+)
Gate fee (+) ROCs (+) Plant throughput (+)
ROCs (+) Gate fee (+) Electricity price (+)
Maintenance (-) Electricity price (+) Electric efficiency (+)
Electric efficiency (+) Electric efficiency (+) Employee ratio (-)
Table 31. Most influential inputs on ail technologies NPV for different plant scales
This research has also identified that gate fees and capital costs have relatively high 
regression coefficients on small-scale plants and that their influence decreases with 
plant scale. This is because gate fees are higher for small plants than for large plants 
and so their overall influence is diluted with the increased relevance of other incomes, 
e.g. electricity, in larger plants. The evolution of gate fees with plant capacities (cf. 
section 1 0 .1 1 . 1 ) is dictated by the economies of scale in capital and operational costs 
that reduce the expenses per tonne in larger plants. The opposite behaviour to gate 
fees and capital costs is shown by the electricity efficiency and price. This is justified 
because revenues per tonne from energy sales, which are dominated by electricity, 
are relatively constant regardless of the plant size thus having bigger impact on large 
plants with lower gate fees.
The detailed analysis of the tornado graphs for each technology shows that, for AD 
and incineration plants, the variables with the highest regression coefficients are plant 
throughput and gate fees followed by the price of ROCs and capital costs. Finally, for 
AD, some elements of the operational costs (e.g. consumables and vehicles, 
maintenance and the number of employees) have also some influence whereas for 
incineration, the electricity price and efficiency are more relevant. For these two 
technologies, there are no significant differences between the top influential inputs for 
the CHP and non-CHP modes.
In the case of gasification, (cf. Figure 115 and Figure 116) the most influential factors 
are electric efficiency, the actual plant throughput and the price of ROCs. Capital 
costs also have high regression coefficients, particularly for the payback, followed by 
the electricity price and the gate fee. In the case of gasification with CHP plants, the 
influence of the heat price is higher than the gate fees and at the same level as the 
electricity price. Finally, pyrolysis plants are influenced by the same inputs as 
gasification plants with the difference that the electric efficiency is replaced by the 
electricity price.
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NPV tornado chart Gasification with CHP
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Figure 115. Tornado graph for NPV of gasification plants with CHP
Payback tornado chart Gasification with CHP
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Figure 116. Tornado graph for payback of Gasification plants with CHP
13.1.3 Influence of plant throughput and capital cost
The actual plant throughput and capital cost have been found to be two of the most 
influential inputs on the NPV and the payback of EfW facilities as discussed in the
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previous section. Several factors can affect capital costs, e.g. process configuration, 
location, architectural design, choice of materials, planning and contract risks, etc. 
(SLR Consulting Ltd., 2008) and there are large uncertainties regarding a long term 
supply of suitable feedstock for the plant. Therefore, these two parameters ought to 
be strictly controlled to avoid large negative effects on the feasibility of the plant and 
shown in this section.
In the Monte Carlo analysis, capital cost was modelled as a normal distribution with 
the mean being the capital cost estimates made with available data (as shown in 
section 10.13) and the plant throughput was modelled as a normal distribution with 
the mean being the design plant throughput. In both cases, the standard deviation 
was a tenth of the mean reflecting larger variability in larger plants.
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Figure 117. NPV evolution with time for gasification without CHP treating 30,000 tpa
Figure 117 shows capital costs, payback period and the NPV. The latter increases 
progressively after the first two years when there is no income whilst the plant is being 
built.
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Figure 118. NPV evolution depending on the initial capital cost of a gasification plant without CHP 
treating 30,000 tpa
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Figure 118 shows how higher capital costs mean larger initial negative values, lower 
final NPV and longer paybacks.
The influence of the actual plant throughput was analysed in detail in the PRUPIM  
case study (cf. section 14 and appendix IX). The effects on a gasification plant with a 
design capacity of 30,000 tpa are clearly presented in Figure 119. It is shown how 
drastic the influence of the lack, or surplus, of feedstock can be on the economic 
criteria results.
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Figure 119. NPV evolution depending on actual plant throughput for a gasification plant without 
CHP with a design capacity of 30,000 tonnes per annum
As a consequence of the large influence of the plant throughput and the capital costs, 
EfW plants have to be constructed to treat only the quantity of the feedstock expected 
to be available and securing a constant supply of it. Moreover, in the current situation 
where there is a high demand of EfW plants and prices are “very volatile” (SLR 
Consulting Ltd., 2008) these changes can severely affect the EfW plant feasibility.
13.1.4 Influence of technology, CHP and plant design capacity
This section analyses the influence on the economic criteria of the DST of the three 
key elements that define an EfW facility: technology type, the use of CHP and its 
design capacity.
In order to illustrate the influence of the fist two elements. Figure 120 and Figure 121 
present the whisker plots for NPV and payback periods of 150,000 tpa design 
capacity EfW plants with and without CHP for each of the technologies considered. 
The simulations were carried out with a project lifetime of 30 years hence the NPV 
represented in Figure 120 are after that period, and any payback above that figure is 
represented as 31 in Figure 121 meaning that the project does not achieve a positive 
NPV after its life time.
Figure 120, shows median NPVs values, i.e. 50%  percentiles, between 224m and 
280m and median payback periods between 11 and 15 years and there are clear 
differences between technologies that are further explored in this section.
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NPV percentiles for 150,000 tpa facilities
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Figure 120. Whisker plot of NPV results for 150,000 tpa design capacity plants
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Figure 121. Whisker plot of payback results for 150,000 tpa design capacity plants
The evolutions of the individual cash-flows that contribute to these results have also 
been studied and the results are represented in Figure 122 to Figure 124 with the 
medians only, i.e. the 50%  percentiles of their distributions, for clarity's sake. As a 
general trend, it can be observed that there is little variation of the incentives per tonne 
for all scales and that gasification and pyrolysis accrue higher incentives because they 
generate more electricity hence earn more ROCs. On the other hand, revenues 
diminish with plant scale and so do operational costs. The latter is due to economies 
of scale.
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Median of Incentives per tonne for EfW facilities
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Figure 122. Median of incentives per tonne for different EfW technologies and scales
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Figure 123. Median of revenues per tonne for different EfW technologies and scales
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Figure 124. Median of operational costs per tonne for different EfW technologies and scales
Combining these results, Figure 125 shows the evolution of the net profit per tonne for 
different EfW technologies with the results again represented by the medians. The 
profit is calculated summing the cash flows of revenues and incentives minus the 
operational costs per tonne for each technology and plant scale.
Median of Net profit per tonne for EfW facilities
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Figure 125. Variation of the medians of net profit per tonne for different technologies and scales
The same results could be represented with whisker plots although this would 
complicate the comparison between technologies. Therefore, this has only been done 
as an example for incineration in Figure 126. The decreasing trend of the average net 
profit matches the dwindling revenues per tonne for larger facilities due to lower gate 
fees whilst being only partially compensated by a similar reduction of operational 
costs, and the almost constant incentives per tonne.
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Average cash-flows per tonne for Incineration facilities
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Figure 126. Evolution of revenues, incentives and operational costs cash flows for incinerators
However, a positive net profit per tonne value does not guarantee a positive final NPV 
because initial capital costs may be too high to be recovered from the net profit per 
tonne during the plant lifetime. Consequently, some technologies may present lower 
median NPVs for large scales than for small scales. This is the case for incineration, 
whose NPV whisker plot for different scales is shown in Figure 127.
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Figure 127. Evolution of NPV for incineration plants of different design capacities
This is not the case for gasification and pyrolysis plants with Figure 128 and Figure 
129 showing the evolution of the NPV and payback for gasification plants. However, in 
this case, the differences between CHP and electricity only are clearer.
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Figure 128. Whisker plot of NPV results for various design capacity gasification plants
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Figure 129. Whisker plot of payback period results for various design capacity gasification plants
Figure 130 and Figure 131 compile and complete the results of previous figures. They 
show the average, i.e. the 50%  percentile, of the NPV and payback evolution for 
different EfW plant scales with and without CHP.
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Figure 130. Evolution of NPV medians for EfW technologies of different design capacities
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Figure 131. Evolution of payback medians for EfW technologies of different design capacities
Regarding the influence of CHP, the results in previous figures show that AD plants 
have shorter paybacks and higher final NPV when they only generate electricity. The 
opposite is true for gasification and pyrolysis whereas the results for incinerators with 
and without CHP are similar. These differences are mainly due to two opposite 
factors. Firstly, the higher capital and operational costs of CHP plants compared (of. 
section 10.10) to non-CHP plants. Secondly, the potential loss of revenues and 
incentives that might result by generating and selling heat instead of electricity 
depending on their respective prices (cf. section 10.11). In the case of AD, the extra 
costs are not compensated by the additional income because the heat revenues do 
not balance the reduced electricity revenue and incentives due to lower electric 
efficiency of CHP plants compared with non-CHP. Contrarily, in gasification and
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pyrolysis plants the reported electricity efficiency difference between CHP and non- 
CHP plants is minimal and therefore, the additional expenses are easily compensated 
with the extra heat revenues.
In conclusion, AD is the only technology that increases its NPV and achieves shorter 
payback periods with increases in scale and that achieves better economic 
performance when not generating heat. Conversely, large incineration plants have 
slightly lower NPV and longer payback periods than smaller plants so on economic 
grounds, smaller incinerator plants should be preferred. Finally, gasification and 
pyrolysis present similar evolutions with relatively constant payback periods and 
increasing NPV for larger capacities and for CHP operation modes.
13.1.5 Influence of electric and thermal efficiency
Electricity efficiency is another factors with a strong influence in the economic model 
outputs.
This is particularly true for gasification and pyrolysis technologies and the differences 
identified in section 13.1.4 on the average NPV are due mainly to electricity efficiency. 
Figure 132 shows the influence that the electricity efficiency has on the NPV and the 
payback respectively. Increasing electricity efficiency achieves large NPV increases 
and manages to decrease significantly the payback periods. The same analysis for the 
thermal efficiency (cf. Figure 133) shows that it has the same effects as the electricity 
efficiency, although of reduced proportions, explaining why it did not appear as one of 
the most influential inputs on the economic parameters discussed in section 13.1.2.
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Figure 132. Evolution of NPV and payback for a gasification without CHP plant treating 150,000 tpa 
and different electricity efficiencies
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Figure 133. Evolution of NPV and payback for a pyrolysis with CHP plant treating 150,000 tpa and 
different thermal efficiencies
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13.1.6 Influence of ROCs
The Monte Carlo sensitivity analysis has found that the incentives awarded to the 
renewable electricity fraction generated in EfW plants in the form of ROCs have a large 
positive influence over the NPV whilst reducing the payback. This section presents the 
results of the sensitivity analysis on the uncertainties, difficulties and legislative 
changes that face the modelling assumptions and the future RO mechanism evolution
As described in section 10.12.1, the economic model assumes that the percentage of 
renewable electricity remains fixed for each technology and equal to the percentage 
weight of feedstock of non-fossil fuel origin, e.g. 100%  for AD, 90%  for gasification 
and pyrolysis feedstock, which is assumed to have been processed in an autoclave, 
and 6 8 % for incineration. Moreover, the ROC price considered varies between an 
average price of £30/M W h up to £50/M W h or down to £0/M W h.
The main uncertainty is the lack of a fixed price for ROCs as they depend on two-party  
agreements between electricity generators and distributors. ROC prices can only be 
estimated based on the buy-out price and the expected recycled value, both 
parameters set by the internal mechanisms of the renewable obligation a posteriori of 
presenting the ROCs and depending on the total number of them presented. In 
summary, only an indicative ROC price, typically based on the buyout price, can be 
estimated as done in the model.
Other difficulties include the strict and continuous controls imposed by the legislation 
to claim the ROCs on the non-fossil percentage of electricity and this is seen by the 
plant operators as costly and burdensome. New legislation (UK Parliament, 2009) has 
relaxed these controls allowing claiming a default percentage of 50% . Finally on the 
changes, the Renewable Obligation Order is renewed yearly therefore introducing the 
possibility of changes, although they need to be consulted. This has been the case of 
the recently introduced banding (DTI, 2007; UK Parliament, 2009) that awards extra 
ROCs per MWh generated to less established technologies as introduced in section
10.12.1
Technology Number of ROCs awarded from 1st April 2009.
Energy from waste (incineration) with CHP  
Standard gasification 
Standard pyrolysis
1 ROC per MWh
Advanced gasification 
Advanced pyrolysis 
AD
2 ROCs per MWh
Table 32. Renewable obligation banding
Moreover, the overall framework of the Renewable Obligation has been extended until 
2037 (HM Treasury, 2009) so guaranteeing an stable framework until that date despite 
being possible to modify it slightly every year through the Renewable Obligation 
Order.
Figure 134 shows the economic criteria results of different ROC scenarios for an AD  
plant without CHP treating 150,000 tpa. The scenarios analysed are the current 
average scenario, i.e. one ROC per MWh at £30, and other three scenarios: no 
subsidy, i.e. “no ROCs”, one ROC at £50/M W h and a scenario of double ROCs at 
£30/M W h simulating the new banding scheme of the renewable obligation. The graph
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shows the legislation changes of double ROCs for AD and other developing renewable 
energy technologies will greatly improve the NPV and the payback period.
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Figure 134. Economic results variation with changes in the ROCs for an AD plant without CHP 
treating 150,000 tpa
In conclusion, ROCs are a very important incentive for EfW plants although their value 
is not fixed, they depend on changing legislation and the amount of electricity that can 
be claimed is difficult to calculate. Therefore, any increase in the ROC price or 
legislative change, e.g. the recent banding of the RO giving two ROCs per MWh of 
renewable electricity to AD and advanced gasification/pyrolysis plants, may increase 
the feasibility of the project and encourage the adoption of EfW technologies. 
However, any price drop or inconvenient legislative change may decrease the 
incentive level drastically reducing the NPV and increasing the payback.
13.1.7 Influence of gate fees
Gate fees appear in Table 30 and Table 31 as very relevant inputs because the Monte 
Carlo analysis of this research has shown that they have high regression coefficients 
with NPV and payback, particularly at small scales.
An important factor to consider is that in many of the markets where inputs and 
outputs from an EfW plant are traded, the presence of the plant does not significantly 
affect the market, e.g. the price of the electricity is fixed regardless of the amount of 
electricity generated in an EfW plant. However, gate fees represent the waste 
treatment market where an EfW plant is usually an important player. Consequently, 
gate fees could be influenced by the EfW plant itself and any other waste treatment 
plant nearby.
Therefore, the sensitivity analysis carried out here is different from other sections as it 
is inverse rather than direct, i.e. tries to identify which input value is necessary to 
reach a fixed output value. This analysis, also known as “goal seek”, is particularly 
useful for inputs that have large variation ranges. In this particular case, the analysis 
focuses on assessing what would be the minimum gate fees to achieve a positive NPV 
rather than assessing the impact of different gate fees, which are not really limited, 
and can be influenced by the presence of the EfW plant itself. The minimum gate fees 
to achieve profitability are calculated using the “goal seek” function in Microsoft Excel 
to reach a zero NPV at the end of the 30 years assumed as project lifespan.
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These minimum gate fees are compared with the estimated gate fees in the economic 
model (of. section 10.11.1) for each technology in Figure 135, Figure 136 and Figure 
137 that show how the estimated gate fees are always above the ones that would 
achieve a zero NPV for any given technology and capacity. Nonetheless, as discussed 
above, actual gate fees depend on the waste treatment market and therefore the 
results in these figures are only indicative of real prices.
incineration gate fees
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Figure 135. Comparison of estimated gate fees and minimum gate fees to achieve positive NPV on 
incineration plants
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Figure 136. Comparison of estimated gate fees and minimum gate fees to achieve positive NPV on 
AD piants
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Figure 137. Comparison of estimated gate fees and minimum gate fees to achieve positive NPV on 
gasification/pyrolysis piants
An additional factor to consider is the cost of the alternative treatment, i.e. landfill. In 
2009, costs are around £21/tonne of gate fee plus £32/tonne of tax and the latter will 
increase £ 8 /tonne per year until it doubles up in 2013 (HM Treasury, 2009). This 
increase will make smaller scale plants feasible in comparison with landfill in the short 
term and it might be reflected in EfW plants fees potentially increasing their 
profitability. Contrarily, an increasing number of EfW facilities may drive strong 
competition hence forcing a plant to drop gate fees to attract or secure feedstock, 
although this competition factor may be localised to regions with many waste 
treatment plants. In any case, the potential future increase of gate fees will have a 
strong positive effect on the NPV and payback of EfW plants. This will be further 
explored in section 15.3.2.
13.1.8 Influence of time variables on the economic criteria
The Monte Carlo analysis did not include the lifespan as one of the variable inputs 
because it was fixed at 30 years. However, this section discusses the effect of 
considering the project under a longer timeframe than the originally assumed period 
using the calculations of the PRUPIM case study and the influence of the delay 
between the start of the project and the start of the plant operation.
Technically, with good maintenance as described in section 10.10.4 of the economic 
model, EfW plants could last more than 30 years after which they can still increase the 
project NPV. This is shown in Figure 138 for an AD plant without CHP treating 150,000  
tpa that shows how the NPV increases with project lifetime although with diminishing 
returns because of the discount factor. Therefore, it has been found that increasing 
the economic lifespan of a project, e.g. with adequate design and good maintenance, 
contribute to improve the NPV of the project
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Figure 138. Economic results variation with changes in plant lifespan for an AD plant without CHP 
treating 150,000 tpa
Another time variable that affects significantly the results of the economic model is the 
delay between the project start and the actual plant start. By default in all previous 
simulations, it has been fixed at two years, as a reasonable average time for 
construction and commissioning (of. Figure 13). Nonetheless, many factors can 
lengthen this time, e.g. planning, with very negative consequences for the project 
finances as shown in Figure 139.
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Figure 139. Economic results variation with changes in the delay between the project start and the 
plant operation start for an AD plant without CHP treating 150,000 tpa
Therefore, the sooner the plant starts to operate and receive income, the better 
economic results the project will achieve.
Pablo Izquierdo Lopez
EngD Dissertation Volume I Page 212
13.2 Sensitivity analysis of environmental model
The environmental model sensitivity cannot be assessed using Monte Carlo analyses 
as in the economic model because WRATE does not enable it. However to explore the 
influence of different factors on the environmental impacts, the results of WRATE 
simulations with different values of the chosen factor, whilst fixing all the remaining 
parameters of the model, are analysed in the following paragraphs.
Slight differences may appear between the numerical results in the environmental 
chapter, which are based on 1 0 0 , 0 0 0  tpa facilities, with respect to the results in this 
section where the biological treatment facilities are sized to treat 1 2 0 , 0 0 0  tpa to allow 
the sensitivity analysis to be carried out. Nonetheless, in all cases the scenario has 
been modelled with 350,000 tpa of MSW  with the default WRATE composition.
13.2.1 Influence of technologies and CHP
The environmental impacts of different EfW technologies show large differences. This 
is mainly because of variations between technologies, e.g. thermal or biological 
treatments, and even between processes of the same technology, e.g. wet or dry AD 
processes. Additional differences appear between electric only and CHP plants due to 
the latter generating more energy thus making better use of resources and displacing 
additional fossil sources of energy.
The influence of these factors has been analysed separately for biological and thermal 
treatments using the WRATE scenarios created for the environmental analysis section 
(of. sections 11.9 and 11.10).
The environmental impact results of all AD processes follow the same trend with large 
avoided impacts, i.e. negative values, on the ARD and GW 100 categories that were 
defined in section 11.5, almost zero results on the HP and FAETP categories and 
adverse impacts, i.e. positive values, on the AP and EP categories. The results for all 
types of AD technologies available in WRATE as well as the customised versions 
with/without CHP processes are presented in Figure 140 showing significant 
differences between individual AD processes mostly on the ARD and GW 100 
categories.
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Figure 140. Comparison of environmental impacts between biological treatments with and without 
CHP.
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Some of these differences could be explained because of the operation modes of 
each process and despite being the same technology. For example, the Linde process 
is dry and thermophilic whereas Cambi is wet and mesophilic and the former achieves 
much lower environmental impacts on the ARD and GW 100 categories. The analysis 
of the results reveals a high negative correlation (-93% ) between the amount of 
energy, both thermal and electric, generated by the plant (cf. Figure 141) and both the 
ARD and GW 100 environmental impacts. Therefore, processes that generate more 
energy, such as Linde, have larger negative values in these categories. It has also 
been found that because CHP plants generate more useful energy than electricity-only 
plants therefore CHP plants have larger negative values in the ARD and GW 100  
categories than the non-CHP equivalent processes.
Energy generation by different AD processes
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Figure 141. Energy generation by biological processes.
Similarly, there are some differences between EfW thermal technologies with and 
without CHP and even between different processes of the same technology. In order 
to illustrate these differences, all incineration processes included in W RATE’s 
database have been compared in Figure 142 and Figure 143 and the same has been 
done with WRATE’s gasification and pyrolysis processes in Figure 144 and Figure 
145.
Incineration plants contribute to avoid environmental impacts in the ARD category 
although they have an adverse effect on the AP and EP categories and quite reduced 
impacts on the HT and FAETP categories. The main difference with biological 
processes is in the GW100 category where incinerators contribute to the impacts 
rather than avoiding them.
Despite the similar trends, there are also differences between similar processes, e.g. 
Birmingham and Chineham are both moving grate electricity only incinerators but still 
present some large differences in their environmental impacts. Unfortunately, no 
general explanation was found that could explain these variations apart from the 
differences in the particular design and operation. Regarding the influence of CHP, the 
Coventry and Grimsby incinerators are classified as CHP plants but their 
environmental impacts are similar to the non-CHP plants. This may be because just a 
very limited fraction of their heat is exported to nearby industrial users and therefore, 
no general conclusions can be extracted.
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Environm ental Impacts of incinerators
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Figure 142. Comparison of environmental impacts between different types of incineration plants 
with and without GHP.
In the case of gasification and pyrolysis technologies, the existing processes in 
WRATE’s database do not include CHP plants, but these have been created 
modifying non-CHP processes as described in sections 11.9 and 11.10. The 
environmental impacts of gasification and pyrolysis processes are shown in Figure 
143. These technologies contribute to avoiding environmental impacts on the ARD  
and GW 100 categories and have very reduced impacts on all other categories. These 
results are different from incineration and AD processes that had adverse 
environmental impacts on the AP and EP categories.
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Figure 143. Comparison of environmental impacts between different types of gasification and 
pyrolysis plants with and without CHP.
Similarly to all other EfW technologies, some differences appear between different 
gasification and pyrolysis processes. However, in addition to the possible 
explanations described for AD and incineration, i.e. amount of energy generated, 
design and operating differences, in the case of gasification and pyrolysis plants, an 
extra fact may further affect the differences in the results. The data collected for 
creating the gasification models in WRATE, particularly the Novera plant, comes 
mainly from the manufacturer or extrapolations from other plants rather than from
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actual measurements given that none of these plants were operating in the UK at the 
time the data was collected. Therefore, there may be inaccuracies that may affect the 
results and that will need to be verified with real operation data in the future.
Similarly to the case for AD, gasification and pyrolysis CHP processes clearly show  
better results on all environmental impact categories than electricity only plants. 
Furthermore, in the case of thermal technologies, the correlation between useful 
energy generation (of. Figure 144 and Figure 145) and ARD is still very strong (-92% ), 
but is weaker (-73% ) for GW100. This is the consequence of the positive values on the 
GW 100 category for the incineration plants, in opposition to the negative values of all 
other EfW processes.
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Figure 144. Energy generation in incineration processes.
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Figure 145. Energy generation in gasification and pyrolysis processes.
In conclusion, the environmental impact differences of the different EfW technologies 
are quite significant even between different processes of the same technology but no 
general factor could be identified apart from details of design and operation to justify 
the differences. Another finding is that CHP processes have less environmental
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impacts than non-CHP plants mainly in the ARD and GW 100 categories. This is due to 
a strong negative correlation, as shown by the previous figures of this section, that 
has been found between the total energy generated and the ARD and GW 100 impacts 
for all EfW technologies apart from incineration for which the correlation is weaker with 
the GW 100 impacts.
13.2.2 Influence of waste quantities and composition
In order to analyse the influence of different waste streams being treated by EfW 
processes, the distribution of each waste stream between the different elements of the 
WRATE models has been altered and the original and modified results compared. The 
modifications have been done bearing in mind the assumption that EfW plants only 
treat residual waste thus the amount of recycling remains constant or increases but 
never decreases. This means that only the landfilling or treatment percentages have 
been modified.
A separate analysis has been carried out for biological and thermal treatments 
matching the WRATE models created for the environmental analysis. In the biological 
scenario, the AD plants have a capacity of 120,000 tpa, the incineration plants of
260,000 tpa and the gasification and pyrolysis plants can treat up to 145,000 tpa. The 
percentages used in the modified scenario achieve recycling levels of current world 
best practices, e.g. San Francisco (San Francisco Environment Department, 2009) or 
some European countries (Eurostat, 2008), for dry materials and organic wastes whilst 
values in the original scenario are typical of the top 25%  recycling local authorities in 
England (DEFRA, 2007).
A limitation of this sensitivity analysis is that not all AD plants accept all waste 
streams. For example, the Linde process only accepts organic waste, either food or 
green waste, whereas the Cambi process also accepts paper, cardboard and 
absorbent hygienic wastes although in limited quantities. To simulate this, WRATE 
incorporates “restrictions”, which cannot be overridden, to replicate feedstock 
composition limits that a plant can process. Therefore, Table 33 shows the original 
and maximum percentages of each waste stream that can be treated in the AD plants 
but they have only been applied when it was allowed by the process.
Waste stream %  to Landfill Original/modified
%  to Recycling 
Original/modified
%  to Biological 
Treatment 
Original/modified
Paper and card 30/20 70 0 / 1 0
Plastic film 70 30 0
Dense plastic 70 30 0
Textiles 1 0 0 0 0
Hygiene products 100/90 0 0 / 1 0
Wood 1 0 0 0 0
Combustibles 1 0 0 0 0
Non-combustibles 1 0 0 0 0
Glass 1 0 90 0
Organic 1 0 / 0 0 90/100
Ferrous metal 1 0 90 0
Non-ferrous metal 1 0 90 0
Fines 1 0 0 0 0
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Waste stream
%  to Landfill 
Original/modified
%  to Recycling 
Original/modified
% to Biological 
Treatment 
Original/modified
WEEE 1 0 0 0 0
Hazardous waste 1 0 0 0 0
OVERALL percentage to 
each treatment
45.5/40.1 27.0 27.5/32.9
Table 33. Original percentage of waste streams going to biological treatment, recycling or direct to 
landfill.
Figure 146 shows the results of the original and modified scenarios. It can be seen 
that with higher capture rates, i.e. more waste being processed in the AD plants, 
larger negative values are obtained in the categories where biological treatments 
avoids environmental impacts, i.e. ARD and GW 100. Contrarily, the categories where 
biological treatments have adverse impacts worsen. This means that processing more 
waste through AD plants saves scarce resources, but that additional pollution is also 
emitted. Furthermore, the 10%  increase in the quantity of organic waste being 
processed in the Linde process changes the original impact figures by approximately 
10% . Fiowever, the Cambi process treats the same 10%  extra amount of organic 
waste but also other waste streams although the environmental impacts changes are 
not proportional to the overall additional quantities. Therefore, the environmental 
impacts of AD change both with waste quantities, but also with the waste stream 
being processed.
Difference between original and modified scenarios considering only EfW plant
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Figure 146. Comparison of environmental impacts between average and improved capture rates in
350,000 tpa scenario considering only AD plant.
Figure 147 shows the results of the analysis of the whole scenario, i.e. considering the 
EfW plant and all other associated waste management activities described in sections 
11.7.2 and not just only EfW as in Figure 146. It just shows minimal changes in all 
impact categories, because the changes on the EfW treatment part of the scenario are 
balanced out with those of other waste processes, e.g. landfilling.
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Figure 147. Comparison of environmental impacts of biological treatments between average and 
improved capture rates in 350,000 tpa scenario considering all waste management processes.
The same analysis carried out for the biological treatments can be done for thermal 
technologies. However, in this case, there is no waste stream going directly to landfill 
as waste goes either to recycling, incineration or to a pre-processing MBT facility in 
the case of gasification or pyrolysis technologies. Table 34 shows the original and 
modified percentages of each waste stream for the two considered scenarios. In the 
modified scenario, increased recycling percentages mean there is less treated waste 
by thermal treatment plants.
Waste stream %  to Recycling Original/modified
%  to Thermal 
Treatment 
Original/modified
Paper and card 70/99 30/1
Plastic film 30/75 70/25
Dense plastic 30/75 70/25
Textiles 0 1 0 0
Hygiene products 0 1 0 0
Wood 0 1 0 0
Combustibles 0 1 0 0
Non-combustibles 0 1 0 0
Glass 90/100 1 0 / 0
Organic 0 1 0 0
Ferrous metal 90/100 1 0 / 0
Non-ferrous metal 90/100 1 0 / 0
Fines 0 1 0 0
WEEE 0 1 0 0
Hazardous waste 0 1 0 0
OVERALL percentage to 
each treatment for the 
default WRATE MSW  
composition
27.1/37.8 72.9/62.2
Table 34. Original percentage of waste streams going to thermal treatment or recycling.
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Figure 148 shows the results of the original and modified scenario has higher impacts 
on the ARD and GWIOO categories but lower on the AP and EP categories and 
comparable results on the remaining categories.
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Figure 148. Comparison of environmental impacts between original and improved capture rates in
350,000 tpa scenario considering only thermal treatment plant.
When the impact categories for the whole scenario, i.e. considering the EfW treatment 
and all other associated waste management activities described in sections 11.7.1, 
are considered, the results in each category improve dominated by the increased 
recycling as shown in Figure 149.
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Figure 149. Comparison of environmental impacts of thermal treatments between original and 
improved capture rates in 350,000 tpa scenario considering all waste management processes.
In conclusion, it has been found that the quantities and composition of waste treated 
in EfW plants have significant effects on their environmental impacts. They also 
influence the environmental impacts of the whole waste management strategy of 
which the EfW treatment is just one of the processes. In particular, the environmental 
impacts are minimally improved if waste is diverted from landfill to an EfW plant, and 
largely improved if diverted from these to recycling. However, the exact influence 
cannot be quantified a priori because it depends on the waste technology, its
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limitations to process certain wastes and the waste stream being treated. 
Nonetheless, these results are in line with the waste hierarchy and reinforce the idea 
that any waste that could be recycled should be so and EfW should only be used to 
treat residual waste.
Another consequence is that, in general, the more waste treated in an EfW plant, the 
higher the avoided impacts on the ARD and GWIOO categories but also the higher the 
adverse impacts on the AP and EP categories and the contrary is also true.
13.2.3 Influence of year of study in WRATE on the environmental criteria
This section analyses the influence of the year of study in the environmental criteria 
results using the PRUPIM case study (cf. section 14).
The year of study affects EfW plants’ environmental impact because the background 
system changes, and in particular the baseline and marginal electricity mix in WRATE. 
These mixes are incorporated in one of W RATE’s databases with information from 
different UK Government departments regarding the long-term evolution of electricity 
generation. Figure 150 presents the baseline and marginal fuel mixes for 2009 and the 
expected mixes for ten years later. The main baseline mix differences between the 
2009 and 2019 mixes is that in the latter, wind and combined cycle gas turbines 
(GCGT) have a much larger contribution whereas coal and nuclear are reduced. 
Electricity waste generation appears although with an almost negligible contribution. 
Regarding marginal fuel mix, coal has a reduced contribution compensated by the 
increase of gas GCGT.
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Figure 150. WRATE baseline and marginal fuel mix in year 2009 and 2019
Figure 151 presents the environmental criteria differences between the results of 
running the model with the 2009 and 2019 electricity mixes. No other parameter has 
been changed in the environmental model so that all changes are due to the 
background system evolution. It can be seen that the differences are positive for most 
criteria apart from FAETP with larger differences for thermal technologies compared to 
AD because they generate more energy. Nevertheless, differences in percentages are 
very low for HT, FAETP and EP, around 20%  for ARD and slightly larger for GW P100
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and AP. Big variations in these last two categories may be related to the use of less 
coal that emits more carbon dioxide and sulphur than gas CCGT plants and contribute 
to these two impact categories.
In conclusion, the environmental benefits associated with treating waste in EfW plants 
will be reduced in the medium and long term. This is because, according to the 
forecasts, energy generated in EfW plants in the future will displace energy mainly 
from “cleaner” gas CCGT plants in the future rather than “dirty” coal plants like now.
o 400
300 ■
c  2 0 0 -
m 100 -
Difference between 2019 and 2009 environm ental impacts
a
I AD Greenfinch without CHP
□  Gasification Energos without 
CHP
B Pyrolysis CompactPower 
without CHP
ARD GW 100 HT FAETP AP
Figure 151. Environmental impact differences between the use of 2009 and 2019 electricity mix.
13.2.4 Influence of transport distance
This section analyses the influence of transport distances on the environmental 
impacts of a whole waste strategy. In this case, the original value of 100 km between 
where waste is originated until it is disposed (of. section 11.4.), treated or recycled, 
has been halved to 50 km with no other parameter modified.
5 0 0 0
Difference between the w hole original and reduced transport 
distance scenarios
LU -5 0 0 0  -
-1 0 0 0 0  -
,3  -1 5 0 0 0
-20000
m
ARD GWIOO HT FAETP AP
B Dranco AD plant with 100 km 
transport
Q Dranco AD plant with 50 km 
transport
EP
Figure 152. Environmental impact result differences for biological treatments scenarios with 
transport distances of 100km and 50 km.
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Figure 153. Environmental impact result differences for thermal treatments scenarios with 
transport distances of 100 km and 50 km.
Figure 152 and Figure 153 present the results of the original and reduced transport 
distance scenarios for some examples of biological and thermal EfW technologies. 
The absolute reduction of the environmental impacts is the same for all technologies 
because the reduction is associated with the transport of the total waste quantities 
rather than the treatment stage and all scenarios have the same transport 
configuration.
This analysis shows that shorter transport distances help reduce the environmental 
impacts of waste management activities hence supporting the proximity principle. 
Furthermore, the results suggest that transport distances and plant scales could be 
optimised although this is outside the scope of this research (cf. section 15.7).
13.3 Sensitivity analysis of weighting
This section analyses the influence of stakeholder’s qualitative opinions, expressed as 
weightings on the different criteria during the MCDA part of the DST, on the final 
ranking of technologies produced by the DST. This variability is different from the 
quantitative data variability discussed in previous sections as it is not intrinsic to the 
calculation methods or data values, but to the stakeholders opinions. Nonetheless, its 
effects on the final ranking of technologies will be similar.
In order to carry out a practical, rather than a theoretical, sensitivity analysis, the 
weightings from the PRUPIM case study (cf. section 14) have been used as the 
baseline case whilst the use of HiView 3.2 allows to easily visualise the influence of the 
weighting in the final ranking with its “sensitivity-up” analysis.
As described in section 12.2, the DST uses a double weighting mechanism and the 
sum of all these double weighted scores produces the final ranking of technologies as 
shown in Figure 154.
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Figure 154. PRUPIM case study final ranking results with individual double weighted contribution of 
each criterion.
Figure 155 shows the total weighted values for each EfW technology in the vertical 
axis for each possible weight assigned to the technical criteria group. The current 
value is represented with a red vertical line and the green shaded area shows the 
range of values where there would not be a change in the most preferred option.
80 i
-U .'
I
I
■
Figure 155. Technical criteria weighting sensitivity analysis.
In this case, it can be seen that a large change in the assigned weight to the technical 
criteria group would be needed to alter the preferred choice or the positions in the 
ranking at all.
Similarly, the effects that possible changes in the economic criteria group weighting 
could have on the technology ranking are shown in Figure 156. It can be seen that 
large change would be needed to modify the top two positions in the ranking thus 
proving that the final ranking is quite robust to weighting modifications on this 
environmental group.
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Figure 156. Economic criteria weighting sensitivity analysis.
Finally, It can be seen in Figure 157 that again a major change on the weighting of the 
environmental criteria group would be needed to modify the top position of EfW 
technologies.
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Figure 157. Environmental criteria weighting sensitivity analysis.
Additionally, the sensitivity analysis can also be done on an individual criterion rather 
than the whole group of criteria. This is shown in Figure 158 for NPV, which is the 
highest weighted criterion in the case study, and the graph shows that the preferred 
option remains as such for any weight assigned to the individual criterion.
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Figure 158. Net present value criterion weighting sensitivity analysis.
In conclusion, the HiView software allows for a quick and visual analysis of the 
possible effects of changing the weights for the criteria groups and even for individual 
criterion. This allows a quick assessment of the robustness of the final ranking of 
technologies proposed by the DST. Unfortunately, this assessment cannot be done in 
general to extract generic conclusions because it depends on the actual weights 
assigned to each criterion or group of criteria.
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14 Case study
Individual elements of this research, like the W ET and the economic model, have been 
tested and validated in actual projects carried out by the sponsoring company. 
However, to test the applicability of the research as a whole and gauge the interest 
from the possible users on the DST, a suitable case study was necessary. Moreover, 
as suggested by Elghali et al. (2007), stakeholders should be involved in defining the 
relevant criteria in a MCDA, and this case study was also useful for this as some 
socially generated impacts (Burningham, 1998), such as noise, odour and visual 
intrusion, were added to the original set proposed.
In addition to these very important and useful objectives, the case study was helpful to 
establish and test the actual links between the different DST elements highlighting 
potential integration problems. This was the case of the WET and WRATE waste 
streams integration that is discussed in appendix VI. Furthermore, presenting the case 
study report helped to identify and address some issues with the originally selected 
criteria that would have otherwise been impossible to identify. These include:
•  Additional technical criteria, such as odour, noise and visual intrusion, were 
added to those considered initially after they were identified as relevant for the 
possible DST users.
•  The definition of the environmental criteria (cf. section 11.5) was found to be 
too complicated for non-scientific users. Therefore, it was necessary to 
redefine and group the criteria into simpler categories such as “material use”, 
“climate change” and “pollution”.
These findings have been expanded in section 15.6.1.
14.1 Possible case studies
Using the networking contacts gained during research and project work, as well as the 
Knowledge Transfer Networks platforms sponsored by the UK Government to foster 
contacts between business and academia, two possible case studies were identified:
•  The first option was helping PRUPIM, the developers of GreenPark in Reading 
with identifying and carrying out a pre-feasibility assessment of the suitable 
EfW technologies to treat the waste generated at GreenPark and other building 
developments that they were building or proposing nearby.
•  The second option was Verus Energy. A newly formed company that wants to 
develop small scale EfW merchant plants.
Preliminary conversations were hold to establish the collaboration rules, deliverables 
and schedules. Unfortunately, Verus Energy could not commit to the collaboration 
because of potential business conflicts between their engineering company and their 
collaboration with Buro Happold. Nonetheless, their interest shows how this research 
addresses an existing need by developers and that the DST could have a potential 
market as a business.
Finally, the PRUPIM case study was progressed in the form of a pre-feasibility study 
to analyse the technical, economic and environmental aspects of using waste from the 
PRUPIM developments as feedstock for an EfW plant that will generate electricity and 
potentially heat. A possible location for the plant was identified to the South of an 
existing material recycling facility (MRF), East of Thames W ater’s waste water
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treatment plant, North of GreenPark and West to the future GreenPark Village as 
shown in Figure 159. The plot of land has around 100 m by 100 m equivalent to one 
hectare. The site presented an excellent opportunity to treat waste locally and 
contribute to the regional waste strategy and its proximity to waste water facilities and 
heat users suggested potential beneficial energy sales opportunities.
Possible location Soutttsi
m
Figure 159. PRUPIM developments and possible EfW plant location aerial view.
Four of PRUPIM ’s developments in the area were incorporated in the pre-feasibility 
study: GreenPark, Southside, GreenPark Village and GreenPark Science Park. Table 
35 presents a summary of their areas once they will be fully built and an aerial view 
was shown in Figure 159.
Area (m )^ Units
GreenPark
Office area 204,599
Restaurant/Café area 1,308
Leisure 3,716
Southside development
Office buildings 85,050
Hotel 2 1 0  rooms
Hospital 7,432 30 rooms
Residential 1,150 units
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Area (m )^ Units
GreenPark Village
Residential 737 units
Offices 1,579
School 2 1 0  pupils
Community TBA
GreenPark Science Park
Office 58,529
Table 35. Total areas of the different developments
The following subsections are extracted from the extended executive summary 
prepared for the case study although the whole report, that expands some of the 
assumptions mentioned in this extract of the executive summary, can be found in 
appendix IX.
14.2 Waste analysis
This section presents the estimates on the residual waste arisings and composition 
from the four considered PRUPIM developments once they will be fully built using the 
latest area information available. Residual waste is the fraction of waste generated but 
not recycled and it has been assumed that only this waste would be treated in a 
potential EfW facility hence avoiding the potential conflict between recycling and 
energy recovery.
According to the On-line Recycling Information System of local authorities recycling 
information by WRAP (2006/07), Reading Borough Council had in 2006/07 a M SW  
generation of 1,222 kg per household per year and recycled 26.7%  of it. Waste 
generation has remained relatively constant in the past but recycling shows a quickly 
increasing trend. Figure 160 shows the residual waste composition used to estimate 
residential waste generation in the PRUPIM developments.
Reading Borough Council residual waste 
composition Average office residual waste composition
B Paper/Cardboard 
□  Metal
Figure 160. Residential (WRAP, 2006/07) and average office residual waste composition (izquierdo 
Lopez, Cripps et al., 2009)
A residual waste generation figure of 306 kg/employee/annum for offices obtained 
from data of the 100 Longwater Avenue building in line with other published 
benchmarks (Izquierdo Lopez, Cripps et al., 2009). The actual recycling rate for 100 
Longwater Avenue is not available but PRUPIM quotes a figure of 26%  recycling
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across its managed property portfolio that is comparable with other offices data. 
Finally, the exact residual waste composition for the offices is unknown because there 
is no information available from previous waste audits; however, it has been assumed 
that it will be adequately represented by an average of published benchmarks (cf. 
Figure 160).
Residential properties and offices are expected to be the largest waste generators at 
the four PRUPIM developments. Nonetheless, waste from other buildings have been 
estimated using published benchmarks for catering facilities, hotels, hospital and 
other leisure and community building uses using the WET (of. section 3).
Residual waste composition in Prupim case study 
10627 Tonnes per annum
975; 9%
2,097; 20%
1,076; 10%
192; 2% 
258; 2%
6,029; 57%
■  Paper/ 
cardboard
□  M etal
□  Glass
□  Plastic
■  Putrescible
■  Other
Figure 161. Estimated waste composition from PRUPIM developments
The total residual waste expected will be over 10,000 tonnes per annum from the 
PRUPIM developments as shown in Figure 161. Most of the waste will be paper and 
organic putrescible waste as they are the largest waste streams generated by offices, 
the largest waste generator responsible for around 80%  of the total and residences 
responsible for another 16% .
Existing legislative targets for recycling MSW  and raising costs of waste management 
for offices mean that residual waste quantities are likely to decrease in the future. 
Therefore, there might be less available residual waste for EfW facilities in the future.
14.3 Technical analysis
The around 10,000 tpa of residual waste estimated are quite high and a challenge for 
any waste management system. However, not all residual waste can be used in every 
EfW technology.
Table 36 shows the suitable type of feedstock, e.g. organic putrescible matter, refuse 
derived fuel (RDF), etc. and the capacities of the smallest plants for each EfW 
technology considered that are currently feasible in the UK. It also shows how proven 
the technology is in the UK as these aspect together with odour, noise and visual 
intrusion associated to each EfW technology will need to be qualitatively assessed.
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Minimum suitable 
feedstock capacity in 
tonnes per annum
Type of suitable 
feedstock Proven in UK?
Anaerobic
Digestion 5,000
Organic waste free of 
plastics and other 
contaminants 
segregated at 
source.
Limited commercial 
operation.
Incineration 60,000 Most wastes Good track record
Gasification/
Pyrolysis 30,000
Homogeneous 
waste, e.g. RDF, 
usually pre- 
processed.
Pilot scale only. First 
commercial plants 
starting operation 
2008/09.
Table 36. EfW technology minimal economic plant capacity, suitable feedstock and commercial 
status in UK
Table 37 shows the amount of available feedstock from the PRUPIM developments 
that will actually be available taking into account some limiting factors. For example, 
according to WRATE data, only around 60%  of the residual waste processed in a dirty 
MRF is transformed into RDF and just 3%  is recovered as recyclable metals the rest 
ending in landfill. Similarly, not all putrescible waste generated is available for 
processing at and AD plant. Following WRAP data (WRAP, 2008 Section 4) it has been 
estimated that 75%  of the estimated putrescible waste will actually be collected and 
processed by an AD plant the rest being contaminated or not segregated at source 
hence not suitable for AD treatment.
Potential estimated 
quantity that could 
be treated by each 
EfW technology
Limiting factor
Percentage 
of original 
feedstock 
available for 
EfW plant
Estimated quantity 
of suitable 
feedstock to be 
processed by each 
EfW technology
Anaerobic
Digestion 2,097 tpa
Participation 
rate and cross­
contamination.
75% ~ 1,500 tpa
Incineration 10,627 tpa No limiting factor 1 0 0 % ~ 1 0 , 0 0 0  tpa
Gasification 10,627 tpa
RDF
manufacturing
process
60% ~ 6 , 0 0 0  tpa
Pyrolysis 10,627 tpa
RDF
manufacturing
process
60% ~ 6 , 0 0 0  tpa
Table 37. Estimated quantities of suitable feedstock available for different EfW technologies.
On a first approach, comparing figures in Table 36 and Table 37, no EfW plant would 
be feasible with only residual waste from the PRUPIM developments. However, the 
proposed plant could also treat waste from other nearby sources. Estimates on the 
availability of waste at a regional scale are summarised in the regional waste strategy 
and show that at that scale there would be enough suitable feedstock for any EfW.
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The possibility of sourcing this extra feedstock and its associated risks need to be 
carefully considered during the scoring and weighting phases (of. section 1 2 )
In addition to waste availability, land is also a scarce resource. Area requirements for 
the EfW plants considered are shown in Table 38 that presents maximum, minimum 
and average land requirements according to published area ratios of hectares to 
thousands of tonnes capacity for different EfW technologies.
Technology Capacity (tonnes per annum)
Minimum
(hectares)
Average
(hectares)
Maximum
(hectares)
Anaerobic Digestion 5,000 0.05 0.26 1.07
Gasification/Pyrolysi
s
30,000 0.09 0.84 5.54
Incineration 60,000 0.30 1.31 3.21
Table 38. Average, maximum and minimum land requirements.
The available area of the selected plot for the EfW plant is around one hectare and 
therefore, only an AD plant of 5,000 tpa or a gasification or pyrolysis plant of 30,000  
tpa would fit within it.
After a preliminary presentation of the results, additional criteria, such as noise, odour 
and visual intrusion, to those included in the original set were found to be relevant for 
the stakeholders and so they were included as technical criteria. Regarding these 
criteria, it can be summarised from the technical reviews (cf. sections 5 to 8 ) that 
incineration plants are quite large and usually with high stacks hence very visually 
intrusive. Their larger capacities mean that they also attract more traffic and generate 
noise. Gasification and pyrolysis plants present similar issues although at a smaller 
scale and finally, AD plants are the least visual intrusive and noise generating although 
are more prone to odour problems.
Having considered the land and waste availability as well as the minimum economical 
scales for different EfW technologies, incineration has been discarded. Consequently, 
only AD and gasification/pyrolysis are further considered.
14.4 Environmental analysis
This section presents the results of a LOA that has been carried out for a 5,000 tpa AD  
plant and a 30,000 tpa gasification/pyrolysis plant. Each scenario is defined by the 
quantities and composition of the residual waste managed in it, the technology used 
to treat the waste and if CMP is considered or not.
The environmental analysis has been done using WRATE that is a commercial 
simplified life cycle analysis software for waste management developed for the 
Environment Agency.
Environmental impacts are assessed under six categories: abiotic resource depletion, 
global warming, human toxicity, freshwater aquatic ecotoxicity, acidification and 
eutrophication. Impacts can be positive or negative, the latter representing the 
avoided environmental burdens and the former an adverse environmental 
consequence. Due to the difficulty of understanding these concepts by non-technical 
stakeholders, the first two impact categories were grouped into material use and 
climate change respectively, whereas the remaining four summed were grouped as 
pollution. This grouping and renaming of the environmental criteria was transparent for
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the stakeholders. This aggregation is different from the grouping of the inventory data 
into environmental impact categories during the life cycle impact assessment phase of 
the LCA methodology because the results of the grouped categories is the sum of 
individual criteria results after the LCA analysis is completed. Moreover, this process 
prevented a flawed weighting process that might had occurred if stakeholders would 
have had to weight criteria they did not understand. WRATE makes the impact 
category results comparable through a normalization procedure that presents the 
impacts in each category in terms of the number of typical European citizens that 
would have the same impact.
Figure 162 presents the results graphically for each category whereas Table 39 shows 
the grouped results numerically in number of European people equivalent.
Technology AD Gasification Pyrolysis
With CHP? NO YES NO YES NO YES
Material use -653 -860 -2,606 -4,791 -3,101 -5,111
Climate change 372 294 -454 -1247 193 -537
Pollution 329 -149 -310 -606 -492 -766
Table 39. Environmental analysis results for scoring and weighting.
Energy from waste scenario environmental impacts
1 0 0 0  T
□  AD Greenfinch w ith CHP-1000
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Figure 162. Environmental analysis graphical results.
The material use (ARD) and climate change (GW100) results are much larger than 
those of pollution (HT+FAETP+AP+EP) and many are negative showing that EfW as 
part of an integrated waste management system reduces environmental impacts. 
Another conclusion that can be drawn is that CHP options present better results than 
their non-CHP equivalents because they make a better use of resources.
14.5Economic analysis
The economic analysis has been carried out using a bespoke LOG economic model 
on Microsoft Excel for the same EfW technologies and scenarios as in the previous 
section.
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The model has been created with data from several sources mostly for the UK and 
Europe and assuming that the plants will operate for 8,000 hours during 30 years, the 
discount factor is 6 % and that the electricity and potentially the heat are sold at 
wholesale prices. The model outputs are the initial capital cost of the plant, the 
estimated NPV and the simple payback period in years as well as the internal rate of 
return.
A quick estimation of the four development’s thermal demand shows that a CHP  
system generating around 3.3 MWjh would be the right size to supply the 
developments base load of around 17,000 MWhjh, equivalent to around 37%  of their 
demand. It has been assumed also that any extra heat generated will be dumped and 
peak demand will be met with other means such as gas boilers
14.6.1 Energy outputs without CHP
Table 40 presents the technical details of the energy generated by an AD plant 
treating 5,000 tpa and the second is a gasification or pyrolysis plant with a design 
throughput of 30,000 tpa of feedstock only generating electricity. These figures are 
used within the model to generate the results in Table 42.
Unit
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Electric energy
Energy produced MWhe per annum 1,374 19,894
%  of developments’ demand % 5.5 79.7
Plant output MWe 0.17 2.49
Net energy kWhe per tonne 275 663
Table 40. Economic model energy outputs for non-CHP plants.
14.5.2 Energy outputs with CHP
All developments are located within a circle of 1.5 km radius centred in the potential 
location of the EfW plant so a district heating system of three kilometres will cover all 
developments. EfW plants with CHP capacity are on average 8 %  more expensive than 
non-CHP plants and this cost should be financed by the developer. However, it has 
been assumed that PRUPIM will not operate the plant nor the district heating (DH) 
network and that this will be done by an energy service company (ESCO) therefore 
PRUPIM will neither need to pay for the DH capital costs nor incur in extra operating 
costs. Additional “avoided costs”, like not installing individual gas boilers in each 
property, have not been considered hence making this analysis more conservative 
and representative of the worst case scenario. Table 41 shows the expected energy 
outputs from the same plants as before but this time with the capacity of generating 
heat, i.e. CHP mode. The results in brackets show the maximum heat that might be 
generated by the gasification/pyrolysis plant if there was enough demand for it.
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Unit
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Electric energy
Energy produced MWhe per annum 1,070 19,673
%  of developments’ demand % 4.3 78.8
Plant output MWe 0.13 2.46
Net energy kWhe per tonne 214 656
Thermal energy
Energy produced MWhth per annum 1,546
17,000
(39,788)
%  of developments’ demand % 3.4
37.4
(87.6)
Plant output MWjh 0.19 3.3(4.9)
%  of the 3.3 MWth baseload % 5.8
1 0 0
(150.6)
Net energy kWhth per tonne 309 1,326
Table 41. Economic model energy outputs for CHP plants.
14.5.3 Economic results
Table 42 summarises the economic results showing that gasification/pyrolysis 
technologies present a quicker return on investment than AD, although at the expense 
of a much higher initial capital cost. It also shows that CHP plants are more expensive 
than the non-CHP. In the case of AD, the lower electric efficiencies of CHP plants and 
lower prices of heat in comparison with electricity mean that the extra revenue does 
not compensate the extra initial investment because the final NPV is lower.
Anaerobic 
Digestion 
with CHP
Gasification/ 
Pyrolysis 
with CHP
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Plant design 
capacity (tpa)
5,000 30,000 5,000 30,000
Initial capital 
cost
£3,011,322 £17,204,488 £2,801,230 £16,004,175
NPV after 30  
years @ 6 %  
discount rate
£1,762,770 £29,898,994 £2,077,343 £26,052,062
Payback (years) 15 8 13 9
Internal Rate of 
Return
10.7% 18.2% 1 1 .8 % 17.5%
Table 42. Economic results for weighting for CHP and non-CHP technologies
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The results of the sensitivity analyses carried out on the results of this analysis are 
presented in appendix X.
14.6 Conclusions
In the final step of the DST, the results of each EfW technology scenario i.e. AD with 
and without CHP and gasification/pyrolysis with and without CHP, are scored against 
each other for every considered criterion. The criteria are then grouped, scored and 
weighted as described in section 1 2 .
Figure 163 shows the weights for each criteria group and the contribution of the 
weighted scores to the final ranking whereas Figure 2 presents the contribution of 
each individual weighted score to the final scenario ranking.
Root Node Contribution
Root Node Weight AD with CHP Gas/P>T with CHP Cumulative
AD without CHP Gas/Pyr without CHP Weight
Technical criteria I 29 29 0
Economic criteria 47
TOTAL
■ I
47 0
24 0
100 34 36 78 100 0
Figure 163. Relative criteria group weights and contribution of scored weights
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Figure 164. Relative criteria group weights and contribution of scored weights
The criteria that contribute the most to this final ranking are the NPV and the payback 
period. As a result of their high scores in these criteria, the final ranking is dominated 
by gasification/pyrolysis technologies, and particularly by the CHP option.
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In conclusion, the preferred option after integrating the quantitative and qualitative 
data is a gasification/pyrolysis CHP plant with a design throughput of 30,000 tonnes 
per annum. Such a plant would fit in the identified plot of land and generate around 
2.5 MWe and up to 5 MWjh of energy. Assuming that long-term waste supply contracts 
would be in place, the electricity generated could be sold to the grid and part of the 
heat used within the four PRUPIM developments considered. The plant would have a 
cost of over £17m and it has been estimated that it will pay itself back in around 8  
years.
In future stages, the detailed design will be progressed, but it will be paramount to 
ensure that the EfW plant integrates nicely with the surrounding to minimise possible 
visual, odour or noise problems. It will be also very important to explore and maximise 
potential synergies with the RE3 MRP and Thames Water's waste water treatment 
plant in terms of waste supply and energy use.
The gasification/pyrolysis EfW facility could help PRUPIM to reinforce its green 
credentials by generating renewable heat and energy whilst reducing waste 
management costs in their developments. Moreover, the plant will have to be 
integrated with other waste infrastructure, such as pre-treatment facilities to 
manufacture the RDF, so that it can contribute to achieve landfill diversion targets set 
up in the regional waste strategy. Additional details and analyses of this case study 
can be found in appendix X.
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15 Conclusions_____________________________________
This section presents the conclusions of this research roughly grouped according to 
the main topics discussed in this dissertation as well as other findings that encompass 
several topics. This section also highlights the barriers that have been identified 
throughout this research and suggests possible measures to overcome them hence 
answering the second and third research questions (of. section 1 ).
Additionally, section 15.7 below presents some aspects identified during this work 
that will need further research.
15.1 Waste data conclusions
This section summarises the findings related to waste data quality and availability 
identified while compiling waste benchmarks for the W ET as described in section 3.
The lack of waste data is one of the greatest barriers for the development of EfW 
technologies because they are required for planning waste infrastructures but 
information is hard to gather (Audit Commission, 2008; BeigI, Lebersorger et al., 
2008). Moreover, not only are quantities required but also data suitable to allow the 
estimation of waste composition from building developments in their very early stages, 
when information on the project is very scarce. Conveniently, an approximate 
estimation on waste generation and composition can be done using previously 
compiled benchmarks. These can be created by carrying out waste audits in similar 
buildings and locations to the ones that will form the building development under 
study. In this research, three of these waste audits were carried out (of. section 3.5).
In order to overcome the lack of data barrier, this research has created the Waste  
Estimation Tool (WET) that adapts a methodology devised to estimate energy 
demands for building developments to waste estimates following published guidance 
(EnviroCentre, ICE et al., 2005). Moreover, the W ET has compiled published waste 
data benchmarks from existing reports and journal articles as well as from the waste 
audits carried out and clearly presents, in numerical and graphical format, waste 
estimates. These include waste quantities and their percentage distribution into 
paper/cardboard, metal, glass, plastic, putrescible and other waste streams.
With regard to the two waste types relevant to this research, operational M SW  and 
C&l, the availability of information on the former has greatly improved in recent years 
but for the latter information is still quite scarce. This is still the case despite the large 
amounts of information collected during the waste surveys carried out in preparation 
for the compulsory waste strategies by waste authorities in the UK. Unfortunately, the 
statistical methods used in these surveys mean that the quantity and composition 
data gathered are usually aggregated and extrapolated to estimate total waste 
arisings at a regional scale. Furthermore, detailed information on building areas, 
number of employees or other potential proxy variables that would be useful to 
estimate C&l arisings at small scales are not usually collected or are lost in the 
aggregation process.
In order to improve this situation, this research has contributed to the knowledge in 
this area with the WET and generating extra information on waste arisings with the 
results of three waste audits. The WET allows, for some of the building uses and 
locations, to provide an average value and confidence interval of the waste quantities 
and composition that will be generated. These embed the uncertainty of obtaining the
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data, the fact that they are usually applied to similar although not equal buildings to 
those from where they were obtained and the variability in future usage and 
generation, etc.
15.2Technical conclusions
This section summarises the findings of the technical review carried out in this 
research and presented in sections 5 to 8 .
The first general conclusion of the technical review is that incineration is the only well- 
established EfW technology in the UK whereas gasification and AD are just leaving the 
development stage and becoming mainstream commercial technologies and pyrolysis 
has not reached this stage yet. Therefore, there is much more information available on 
incineration than AD, gasification or pyrolysis. Consequently, information on the more 
established technologies is likely to be more reliable than on those that are less well 
established. This is because for the latter, emissions and performance data are usually 
obtained from pilot plants during short runs and with a certain feedstock that may not 
be a reliable predictor of their performance when scaled up or with variable feedstock 
(CIWM, 2003). The lack of reliable data on plant performance and requirements is a 
barrier to the introduction of new technologies. However, the support offered by 
Government programmes such as the New Technology Demonstrator Programme 
(DEFRA, 2007) and the AD Demonstration Program (WRAP, 2008) is a movement in 
the right direction to overcome this barrier.
Secondly, another general conclusion is that in operation all technologies require a 
constant supply of suitable feedstock to guarantee a profitable plant operation. This 
can only be achieved with adequate collection systems, pre-treatment and as part of 
an integrated waste management system hence implying that EfW cannot be a 
standalone technology.
Thirdly, it has been found that no single technology is adequate for all situations, e.g. 
different feedstock compositions and quantities, restricted land and funds availability, 
etc. This reinforces the need for a tool that can guide the selection process of the 
most appropriate technology as the DST does.
Fourthly, all EfW technologies have the capacity to generate heat as well as electricity 
so there is no technical justification for the low proportion of existing EfW plants with 
CHP in the UK. It can be envisaged that this proportion could be increased with 
financial incentives to support the additional costs in the plant and the distribution 
network that these CHP plants require or through adequate partnerships with Energy 
Service Companies (ESCOs). These incentives will be discussed in section 15.3.
Finally, Table 43 presents a summary of the findings of the technology review in a 
relation to the technical criteria that are assessed in the screening phase of the DST.
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Anaerobic
digestion
Gasification/
Pyrolysis Incineration
Related
technical
Criterion
Proven in the 
UK?
Limited
commercial
operation.
Pilot scale only. 
First commercial 
plants starting 
operation 
2008/09.
Yes.
Is it technically 
proven in the 
UK?
Suitable
feedstock
Organic waste 
free of plastics 
and other 
contaminants.
Flomogeneous 
pre-processed 
waste, e.g. RDF 
with CV between 
12 and 18.5 
MJ/kg
Most wastes 
with CV 
between 9 
and 1 1  
MJ/kg.
Waste
availability
Minimum
techno-
economic
throughput
(tpa)
> 5,000 > 30,000 > 60,000 Wasteavailability
Minimum plant 
footprint (m )^ > 2,600 > 8,400 > 1 3 ,1 0 0
Land
availability
Odour, noise, 
visual intrusion
Refer to 
section 5.9
Refer to sections 
7.9 and 8.9
Refer to 
section 6.9
Odour, noise, 
visual intrusion
Table 43. Summary of technical review in relation with the criteria in the screening phase of the 
DST.
The following sub-sections present the particular technical conclusions for each of the 
technologies covered in the technical review except plasma and MBT as these are not 
considered in the DST.
15.2.1 Anaerobic digestion
AD is the most appropriate EfW technology to treat biodegradable, i.e. organic or 
putrescible, wastes. It is a well-established technology worldwide to treat 
biodegradable matter although it is relatively incipient in the UK for treating M SW  and 
C&l waste.
AD systems have been developed into many possible designs depending on their 
operating temperature, percentage of solid content in the slurry and number of tanks. 
AD can treat many different biodegradable wastes individually, but sometimes they 
are co-digested in order to improve plant operation and biogas yield. The latter can be 
further enhanced by pre-processing the feedstock.
There is no clear opinion as to which design should be chosen “a priori”, given that 
there are quite distinctive advantages and disadvantages for each of them; therefore, 
the AD selection should be a function of the desired biogas yield, the type of 
feedstock, the land availability, etc.
As with any other technology, a constant long-term supply of suitable, i.e. easily 
digestible and uncontaminated, feedstock or feedstocks is required to ensure 
profitable plant operation. This is particularly true for AD where contamination may 
prevent the sale of the digestate or even stop the functioning of the process
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altogether. Therefore, it may be seen as a barrier to the development of AD systems 
that has only recently started to be resolved with separated collections of the organic 
fraction of M SW  and by businesses that have just realised the advantages of treating 
their organic waste with AD. These changes have been possible as a result of new 
legislation, e.g. the landfill directive and the increasing costs of the traditional waste 
disposal method, i.e. landfill.
Another barrier that has hindered the wider take up of AD has been the lack of a 
market for digestate. Without a market for it, digestate has to be disposed of to landfill 
hence becoming a cost rather than an income. This market did not exist because of 
many factors, e.g. feedstock contamination, waste and farming legislation such as the 
animal by-product regulations and very strict controls by the Environment Agency. 
However, as with other waste treatment by-products, the new digestate quality 
protocol by WRAP may help to create a market and transform it from a cost into a 
potential revenue stream.
A techno-economic lower limit has been found for the design capacity of commercial 
AD plants worldwide at around 5,000 tonnes per annum although some smaller plants 
operate in China and India but mainly for small groups of users and farms. Another 
finding of this research is that AD plants are likely to operate for up to 30 years and 
that they require much more land for the same plant capacity than thermal 
technologies. This may pose a problem for the development of this particular 
technology because land is a scarce resource. There are not many methods of 
reducing the plant footprint, but vertical and dry systems are likely to use less land at 
the expense of having more visual impact and perhaps not being ideal to treat the 
local feedstock.
The amount of energy generated per tonne treated in an AD plant is relatively low 
compared to thermal technologies as shown in section 10.14.1.
From the SW OT analysis carried out, the strongest points found are that the 
technology is well established worldwide and cheaper than other EfW technologies. It 
has also been found that AD by-products can displace artificial fertilisers hence 
improving the environmental credentials of the facility. However, it is very difficult to 
exploit these advantages because of its only incipient level of implementation in the 
UK. Moreover, the delicate operation, the need of large areas and the lack of a market 
for the digestate do not contribute to a quick market uptake. Conveniently, some new 
legislation, e.g. the renewable obligation, and the digestate protocol as well as a 
dedicated Government Task Force are fostering and encouraging the development of 
AD in the UK.
15.2.2 Incineration
Incineration is a well-established EfW technology worldwide and particularly in the UK 
it has been used for more than 100 years, thus it is commercially proven. It is very 
versatile and can treat almost any type of waste, hence the name of “mass burn 
incineration”.
Incinerators are usually large plants, e.g. the European average capacity is near
200,000 tpa, and capacities over the 500,000 tpa are common. However, on the 
opposite side of the scale, a techno-economic lower design capacity of around 60,000  
tpa has been identified. The majority of the incinerators in the UK are typically 
electricity only plants, although a small proportion of them also generate heat that is 
distributed through DH networks.
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Incinerators extract the energy from the wastes as hot gases that are used to generate 
energy whilst leaving a solid residue, i.e. bottom ash, that could be used as an 
aggregate substitute and from which some metals can be extracted for recycling. The 
bottom ash waste protocol produced by WRAP and the increasing number of bottom  
ash treatment facilities and uses for it have created a market that improves the 
economic operation of incinerators. Another solid by-product, although in much lower 
quantities than bottom ash, is fly ash that is collected by the clean-up equipment and 
needs to be disposed to appropriately licensed landfills as it may be hazardous.
Similarly to AD, and in fact to any other EfW technology, there is no incineration 
process suitable for all types of waste and location, although the moving grate type 
offers the greatest flexibility.
The energy generation efficiency of incinerators is usually limited by the use of steam  
cycles. There is a trade-off when reaching higher temperatures to achieve higher 
efficiencies as this causes fouling and corrosion problems. Nonetheless, the largest 
and newest plants achieve some of the highest efficiencies of the EfW thermal 
technologies. Not only is a high steam temperature important, but also the hot gas 
temperature distribution through the process as it influences pollutant emissions that 
need to be controlled with expensive and bulky clean-up equipment. The latest 
designs and clean-up equipment allow the achievement of pollutant emissions well 
below the WID limits.
The typically high design capacities, together with the associated clean-up equipment 
and very tall stacks mean that incineration plants usually have very high visual impacts 
and require constant large quantities of waste. These factors usually attract strong 
social opposition that hinders their chances of receiving planning permission. 
Engaging the external stakeholders, e.g. by presenting the results of the DST to justify 
the selection of incineration rather than imposing the technology, can help to get 
around this major barrier. However, from a pure technical point of view, smaller plants, 
better integrated with their surroundings, e.g. partially burying them, can also help.
15.2.3 Gasification
The first experiences with waste gasification were unsuccessful because of the 
heterogeneity of the feedstock and it became clear that the technology was better 
suited to homogeneous feedstocks. These can be either homogeneous by nature, e.g. 
sewage sludge, or can be produced by pre-processing residual wastes into a RDF. No 
quality standard yet exists for RDF, although the European standards CEN TC-343  
“Solid Recovered Fuels” (DEFRA, 2005) and CEN/TS 15359 “Solid recovered fuels — 
Specifications and classes”. (European Committee for standardization, 2006) are 
being developed to create a classification for RDF depending on their quality and 
composition. The need for homogeneous feedstock reinforces the need for 
considering gasification as part of an integrated waste management system where 
homogeneous RDF can be manufactured from M SW  and C&l waste. The same 
considerations could be applied to pyrolysis.
In general, gasification units have similar design capacities to pyrolysis plants but are 
smaller than incinerators and a lower techno-economic limit has been identified for 
gasification plants at around 30,000 tpa.
The number of gasification plants worldwide is much lower than the number of 
incinerators. However in the UK, there is a lot of interest in the technology and some 
plants have started operation and many others are gaining planning permission or
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seeking for it although it will still take some time for gasification to be considered a 
proven technology.
The main by-product of gasification is a synthesis gas or syngas that can be used 
either as a fuel, with or without being cleaned and/or upgraded, in an Internal 
Combustion Engine or a gas turbine where it is fully oxidised to generate energy, or as 
a chemical feedstock. The syngas’ Calorific Value (CV) increases when the gasifiying 
agent is pure oxygen although at the expense of buying or producing the oxygen. The 
syngas’ CV also increases with lower gasification temperatures but so does the tar 
content thus, as for AD, all gasification types present some trade-offs and no process 
can be selected a priori.
Typical gross energy generation efficiencies of gasification and pyrolysis plants are 
similar to incineration, although the maximum figures reported are higher for the two 
former processes (cf. Table 14). Furthermore, because gasification and pyrolysis 
plants use feedstocks with high CV, the amount of energy they generate per tonne is 
higher than incineration (of. Table 22).
In addition to the positive aspects of gasification already mentioned in this section. It 
should be noted that given their smaller sizes, gasification plants are likely to have 
lower visual impacts than incineration plants. However, gasification also has some 
weak aspects and threats. For example, the economic model has identified that the 
operation of gasification and pyrolysis, plants is more expensive than other EfW 
technologies and they require additional infrastructure to supply them with RDF.
15.2.4 Pyrolysis
Just as for gasification, pyrolysis is not a new process because it has been used for 
centuries to produce charcoal but it has only been used to treat waste in recent times. 
Pyrolysis is an endothermie process that similarly to gasification is better suited to a 
homogeneous pre-processed feedstock such as RDF. Contrarily to gasification where 
the main by-products is the syngas, depending on the heating rate, temperature 
reached and treatment time, pyrolysis by-products are typically a mix of solid char, 
liquid tars and a syngas. Any of these could be used as chemical feedstock, but 
typically, the first two are burnt to heat up the incoming waste. Nonetheless, in EfW 
applications, they are typically used to improve the plant’s energy generation 
efficiency when burnt together with the syngas in boilers or turbines.
The mix of solid, liquid and gaseous outputs makes pyrolysis a more complex process 
to operate than any of the other EfW technologies and this may be one of the reasons 
for the limited number of existing plants around the world. Another reason may be the 
lack of reliable information on their long-term performance and operation. In the UK, 
this problem is diminishing due to the New Technology Demonstrator programme that 
is supporting new pyrolysis plants, e.g. Scarborough.
Because of its similarities to gasification, with many EfW plants including both 
processes, it has been assumed that the lower techno-economic limit for pyrolysis 
plant capacity is 30,000 tpa as for gasification.
Many of the conclusions discussed in section 15.2.2 for gasification apply to pyrolysis 
also including those from the SW OT analysis. One particularity is that despite electric 
and thermal efficiencies being very similar between the two technologies, some 
pyrolysis processes involve very high parasitic losses, e.g. Thermoselect.
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15.3Economic conclusions
All the significant factors that may affect the economic operation of an EfW plant have 
been built into an economic model (of. section 10) and their influence on the results is 
discussed in the sensitivity analysis section (of. section 13.1. Nonetheless, the main 
conclusions from the model are discussed here.
Firstly, the economic model shows that EfW plants have to be constructed to treat the 
feedstock expected to be available and that they need to secure a constant supply of 
it. This is because of the large negative impact that capital costs, that depend on the 
design capacity of the plant, have on the NPV and the payback of any EfW plant (of. 
section 13.1.3). This means that a preliminary estimate of the available feedstock is 
necessary thus reinforcing the key role of the Waste Estimation Tool. Furthermore, the 
long-term availability of suitable feedstock also needs to be assessed to size the plant 
appropriately, and this has been incorporated in this research as one of the economic 
criteria.
Secondly, the economic model shows that the economics of the EfW plant rely heavily 
on the gate fees and to a lesser extent on electricity sales and incentives, particularly 
ROCs. No clear evolution has been identified for the gate fees, although the increase 
in landfill tax is making EfW treatments more competitive when compared to landfill, 
until recently the cheapest alternative. This strong economic dependence on 
electricity is supporting electricity-only EfW plants whilst creating a barrier for the take 
up of heat and power plants because of the disadvantageous economics of heat.
Thirdly, as with almost every other aspect of this research, there is a limited amount of 
data available to create the economic model. However, this is further complicated 
because the economic model requires a long-term forecast of certain economic 
variables, e.g. energy prices, that only governmental departments create but without 
providing the rationale behind their estimates.
The following sections develop some more particular conclusions found in this 
research.
15.3.1 Capital costs
Capital costs are one of the factors with a strong influence on the economic model 
results. These costs show economies of scale meaning that capital costs per tonne 
decrease as plant capacity increases. These economies of scale are larger for AD than 
for incineration and are lower for gasification and pyrolysis plants as identified with the 
“b coefficients” in Table 20.
The required modifications to produce CHP plants imply that they can be up to 17%  
more expensive than electricity-only plants. Furthermore, they require a distribution 
infrastructure that it is also very expensive, up to £1m per kilometre. These extra costs 
may not be compensated in full by the heat income and they represent an obstacle for 
CHP plants (of. section 15.3.4). Conveniently, there are some workarounds. For 
example, an ESCO can help to finance the extra infrastructure cost and manage retail 
customers if it envisages a long-term profit by buying energy wholesale from the EfW 
plant and selling it at retail prices. Another possibility is the incentive being setting up 
by the government that is discussed in section 15.3.5.
Reported information on capital costs show that they are highly variable and some 
prices have shown steep increases between 2006 and 2008. Reasons for this may 
include the rapid increase in civil construction and M&E materials prices during this
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period (SLR Consulting Ltd., 2008) but also perhaps increased energy prices for the 
manufacturers and financing difficulties. Furthermore, with the Landfill Allowance 
Trading Scheme (LATS) (cf. section 4.3) deadlines coming closer, there has been a 
surge in demand of EfW treatment facilities and consequently an increase in prices 
and “delivery” times.
15.3.2 Gate fees
This research has found that gate fees are the main income to EfW plants. Despite 
being so relevant, very little certain information is available on them because they are 
usually part of private commercial agreements. Nonetheless, it has been established 
that they are driven by market factors and they are lower for large plants because of 
the results in section 13.1.7 show how estimated gate fees are always above the ones 
that would achieve a zero NPV for the given technology and capacity, i.e. with those 
gate fees the plants operate at a profit.
Future perspectives are positive to all EfW technologies because the increasing costs 
of landfill. In the past, EfW gate fees were much higher than landfill costs, i.e. gate 
fees plus tax, hence a barrier to the building of new EfW facilities. Flowever, with 
landfill gate fees around £21/tonne plus £32/tonne of tax and the latter increasing at 
£8/tonne per year until it has doubled in 2013 (FIM Treasury, 2007) it can be expected 
that in a few years all EfW technologies at all scales will become feasible as Figure 
165 shows. This statement needs to be caveated, because increasing numbers of EfW 
facilities may drive strong competition hence requiring a drop in gate fees to attract or 
secure feedstock.
A naerob ic  D igestion  gate fe e s
120 q
100 -
80 -
60 - A
40 .
20 .
t  £8/tonne per 
year increase
Landfill tax 2009
Estimated landfill 
gate fee 1 1 1 1 1 1 1 —  1
20000 40000 60000 80000 100000 120000 140000 160000 180000
Throughput capacity (tonnes)
f  Actual gate fee
 Minimum for zero NPV without CHP
■ Estimated gate fee
■ Minimum for zero NPV with CHP
Figure 165. Comparison of current estimated gate fees and minimum gate fees to achieve positive 
NPV on AD plants and landfill tax and gate fee evolution.
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15.3.3 Energy sale: retail vs. wholesale
EfW plants can generate heat and electricity that can be sold to either retail or 
wholesale customers with the former attracting higher prices because there are no 
transmission losses, fees or intermediaries. Furthermore, due to the operation 
characteristics of EfW plants, the fact that some of the energy generated is renewable, 
thus preferred over fossil-fuel generated electricity, and their high availability, it can be 
said that the income from selling wholesale electricity is almost a constant guaranteed 
revenue for an EfW plant.
Any form of selling energy is likely to generate more revenue than wholesale, but at 
the expense of incurring also in more costs. This is because of the required 
infrastructure or modifications to the plant brings more uncertainty due to the freedom  
of retail customers to choose energy suppliers or implies complex financial 
arrangements, e.g. involvement of ESCOs. For example, DH networks to distribute 
heat are capital intensive, particularly if the network extends through already built 
areas. Moreover, if energy is retailed, ESCOs may become involved through long-term  
contracts to help finance some of the additional costs and managing the customer 
relationships but also taking some of the profits. Consequently, a detailed analysis of 
the pros and cons of any alternative to selling wholesale electricity is necessary.
Furthermore, energy prices are highly variable and their future evolution very uncertain 
thus creating a barrier for investment in EfW technologies because of the lack of 
guaranteed long-term revenues. Conveniently, at least a fraction of the energy 
generated by most of the EfW technologies qualifies as renewable; hence, it has 
access to incentives for renewable energies that support long-term investments, e.g. 
the already established renewable electricity obligation and potential future 
mechanisms such as feed in tariffs or the renewable heat obligation.
15.3.4 Plant type: electricity only vs. CHP
It has been established that EfW technologies can generate both heat and electricity. 
In fact, CHP plants are more efficient overall than electricity-only plants and have 
lower environmental impacts, cf. section 11.11. Despite this, only a minimal fraction of 
the existing and proposed EfW plants in the UK incorporate this feature, contrarily to 
many plants in Northern and Eastern Europe. The reasons may be two fold:
•  CHP plants are more expensive to build and operate, i.e. higher capex and 
opex (cf. section 10.10 and 10.13).
•  The thermal output is partially achieved at the expense of reduced electric 
efficiency as showed in Table 14. This is known in the technical literature as 
the Z  ratio and it is around 5:1, i.e. a 1%  drop of electricity efficiency means a 
5%  increase of heat efficiency (CHPQA, 2007).
In addition to these factors, another aspect that will need to be considered at the early 
project stages is the need to identify a suitable, i.e. constant and large enough, heat 
demand all year round. Only 4%  of the total UK building floor area is serviced by DH 
(BERR, 2008); hence, there should be plenty of opportunities for creating DH 
schemes, but as mentioned before, capital costs of deploying the network through 
built areas are very high thus hindering DH deployment.
Another factor that discourages investment in CHP plants has been briefly mentioned 
already: the freedom of choice of energy supplier. Customers have the choice of 
selecting their energy supplier; therefore, apart from the infrastructure being costly, 
retaining the customers may also be expensive. Moreover, if customers change
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suppliers, the energy demand disappears and without it the CHP environmental 
benefits disappear too leaving only the negative economic consequences mentioned 
above. Although this uncertainty on the demand and the associated economic risk 
may not be directly reflected in the criteria weightings, it should be highlighted during 
the technical assessments and the economic model includes a zero heat price 
scenario to reflect this absence of demand.
In order for this situation to improve, the heat offered through DH networks has to be 
competitive with other alternatives to retain customers, and the same would apply to 
electricity through private wires. This could be achieved by referring energy prices for 
the DH or private wire customers to a basket of other energy prices with some 
discount although this will attract some risk and uncertainty to the ESCO or EfW plant 
operator. Additionally, installing new DH networks through already built areas could be 
supported by some of the renewable energy funds or initiatives and made compulsory 
for new building developments.
As mentioned before, heat generation is not independent from electricity generation. 
The Z ratio measures the increase in heat generation efficiency at the expense of 
electricity generation efficiency (CHPQA, 2007). The Z ratio typically ranges from 1:1 
to 10:1 (cf. Table 4) and depends on the steam pressure, the type of prime mover, the 
scale of the plant, etc. Therefore, in the early project stages, a constant heat demand 
needs to be identified and then the prime mover needs to be selected to match the 
expected heat-to-power ratio.
Many of the issues discussed in this section do not only apply to EfW plants, but to 
traditional power plants using coal, gas or even nuclear power stations as discussed 
by the ICE (2009). However, EfW technologies have the advantage of being smaller, in 
energy generation terms, than traditional power plants and hence can probably be 
better integrated within building developments that could benefit from this 
decentralised form of energy generation which is strongly being suggested as an 
alternative to centralised generation (Buro Happold Engineers, 2008).
15.3.5 Incentives
Currently, the most significant incentive for EfW plants is the income represented by 
the renewable obligation certificates. Some EfW technologies can also benefit from 
other incentives such as the Climate Change Levy (CCL) and the price paid for the 
packaging recovery notices (cf. sections 10.12.3 and 10.12.4). However, this research 
has found that the economic contribution of these other incentives is minimal.
The renewable obligation was set up to encourage renewable electricity generation 
and the associated certificates or ROCs, that have traditionally represented 1 MWh of 
renewable electricity and have a value of around £30 each representing a substantial 
premium over non-renewable electricity. Just recently, the obligation has changed and 
has introduced a banding scheme that awards more ROCs to less developed 
renewable electricity generating technologies, which include AD, gasification and 
pyrolysis. This incentive is envisaged to provide enough support for these 
technologies to allow them to become commercially proven in the UK in the mid term. 
Nonetheless, being a legislative instrument, it has the associated uncertainty that it 
might be repealed or replaced, but the Government has minimised this risk by 
ensuring the obligation will not be curtailed before 2027 (BERR, 2008).
Additional changes are being consulted for the renewable obligation such as the 
introduction of feed-in tariffs, as in Germany, and a renewable heat scheme is being
Pablo Izquierdo Lopez
EngD Dissertation________________________________Volume I___________________________Page 247
proposed. The former could further support the uptake of small EfW plants whereas 
the second could help to overcome the barriers that CHP plants have.
In addition to the barriers for EfW CHP plants discussed in section 15.3.4, the actual 
set up of the renewable obligation creates an unintended barrier for these plants. The 
reason is that paying a premium for renewable electricity does not encourage 
generators to improve overall efficiency, e.g. CHP, but only electric efficiency. 
Furthermore, because CHP plants have lower electricity efficiencies and the price of 
heat is lower than electricity, at this moment, many plants that could generate heat, 
e.g. SELCHP, do not generate it because of the double loss of revenue, the electricity 
income and the renewable obligation incentive. This situation was found in the 
PRUPIM case study (cf. section 14). Nonetheless, some progress has been made with 
the recent reform of the Renewable Obligation Order (UK Parliament, 2009) that 
encourages energy generation plants to comply with the CHP quality assurance 
scheme (CHPQA, 2007) to receive ROCs. Notwithstanding, the latest plants being 
built and proposed (e.g. the Belvedere incinerator), despite not contemplating the 
possibility of exporting heat from the outset, have incorporated that feature into their 
designs foreseeing that potential changes ahead (e.g. implementation of the 
Renewable Obligation Order and the Renewable Heat Initiative).
In conclusion, the implemented and proposed modifications of the renewable 
obligation are providing support to those technologies that need it most to become 
well-established in the market. Moreover, the feed-in tariffs are also likely to help small 
EfW plants that would otherwise not be economically competitive assuming the 
German case is replicated in the UK. In Germany, the Renewable Energy Act (German 
Parliament, 2009) established in 2004 a stable investment framework with fixed feed- 
in tariffs for 20 years for small renewable generators achieving a massive increase in 
renewable generation, particularly biogas plants (Denecke, 2009). Finally, the future 
renewable heat incentive seems that it will also help to overcome some of the barriers 
found for CHP plants.
15.4Environmental conclusions
The main environmental conclusion found in section 11 is that treating waste in any 
EfW plant achieves environmental benefits, i.e. avoided impacts, particularly in the 
ARD and GW 100 impact categories although at the expense of some minimal 
emissions to soil, water and air. These have some adverse environmental impacts, 
particularly on the acidification and eutrophication categories, although to a much 
lesser extent than the benefits in the other categories. These emissions, particularly of 
dioxins, have caused concern and have represented a large barrier for EfW. However, 
since the implementation of the WID, dioxins emissions have been reduced tenfold 
(NAEI, 2003; DEFRA, 2006) and other pollutant emissions have also been reduced and 
are tightly controlled. Nonetheless, it is still necessary to strictly enforce and control 
the pollution permits limits for EfW plants and to encourage designers and plant 
operators to reduce further the emissions below existing limits.
The examples and case studies analysed in this research show that when compared 
to landfill, EfW technologies perform much better, particularly on the ARD and GW 100  
categories and similarly for all other impact categories. These results are in line with 
what would be expected from the waste hierarchy where EfW is preferred to landfill on 
environmental grounds. Furthermore, these benefits are much larger when all 
elements of the integrated waste management strategy are considered, i.e. the 
associated collection, pre-treatment, recycling, etc. Moreover, the results of the 
sensitivity analysis when increases in recycling are tested (cf. section 13.2.2) are also 
in agreement with the waste hierarchy ranking. Particularly, a scenario with average
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recycling levels and residual waste being treated in an EfW plant results in more 
environmental impacts than another with increased recycling levels and less waste 
treated in the EfW plants. These findings, once again, reinforce the positive aspects of 
EfW but put them in context of an integrated waste strategy where a flexible approach 
using the guiding principles of the waste hierarchy should be followed.
Another result found in section 13.2 is that in a scenario with the same initial amount 
of waste and levels of recycling, EfW thermal technologies recover more energy than 
biological ones. The reasons are two fold. Firstly, the former group of technologies 
can process a wider range of feedstocks, i.e. for similar levels of recycling, incineration 
plants can treat more waste than gasification/pyrolysis plants and these more than 
biological technologies, and therefore thermal technologies recover energy from larger 
quantities of waste. Conversely, the amount of waste landfilled is larger for the 
biological than for the thermal treatment scenarios unless a market is found for the 
digestate. Secondly, thermal technologies recover more energy per tonne than 
biological processes.
Another energy related result, in agreement with the findings of the technical section, 
is that CHP plants achieve better results, i.e. larger avoided impacts, than their non- 
CHP equivalents.
These last two energy related results are directly related with the environmental 
impacts because the more waste treated in an EfW plant, the more energy it recovers 
and the higher the avoided impacts on the ARD and GW 100 categories but also the 
higher the impacts on the AP and EP categories.
In particular, a high negative correlation of 0.93 between the total amount of energy 
recovered, i.e. heat and power, and the ARD and GW 100 environmental impacts has 
been found for biological processes. In the case of thermal technologies, this 
correlation is still very strong (-0.92) for ARD but is weaker (-0.73) for GW 100. This 
may be a consequence of the positive values for the GW 100 impact category for 
incineration plants, in opposition to the negative values for all other EfW processes.
15.5Sensitivity analysis conclusions
This research has found from the economic model sensitivity analysis that the plant 
throughput, i.e. the actual quantity of waste processed for a fixed plant scale, and the 
price paid for the Renewable Obligation Certificates (ROCs) have constantly high 
positive regression coefficients with the payback and the NPV at all plant scales. 
Therefore, these are the two most influential parameters for the EfW technologies.
It has also been found that gate fees and capital costs have relatively high regression 
coefficients on small-scale plants and that their influence decreases with plant scale. 
This is because gate fees are higher for small plants than for large plants and so their 
overall influence is diluted with the increased relevance of other incomes, e.g. 
electricity, in larger plants. The evolution of gate fees with plant capacities (cf. section 
10.11.1) is dictated by the economies of scale in capital and operational costs that 
reduce the expenses per tonne in larger plants. The opposite behaviour to gate fees 
and capital costs is shown by the electricity efficiency and price. This is justified 
because revenues per tonne from energy sales, which are dominated by electricity, 
are relatively constant regardless of the plant size thus having bigger impact on large 
plants with lower gate fees.
The sensitivity analysis also has found that AD is the only technology that increases its 
NPV and achieves shorter payback periods with increases in scale and that achieves
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better economic performance when not generating heat. Conversely, large incineration 
plants have slightly lower NPV and longer payback periods than smaller plants so on 
economic grounds, smaller incinerator plants should be preferred. Finally, gasification 
and pyrolysis present similar evolutions with relatively constant payback periods and 
increasing NPV for larger capacities and for CHP operation modes.
ROCs are a very important incentive for EfW plants although their value is not fixed, 
they depend on changing legislation and the amount of electricity that can be claimed 
is difficult to calculate. Therefore, any increase in the ROC price or legislative change, 
e.g. the recent banding of the RO giving two ROCs per MWh of renewable electricity 
to AD and advanced gasification/pyrolysis plants, may increase the feasibility of these 
plants and encourage the adoption of more EfW technologies. However, any price 
drop or inconvenient legislative change may decrease the incentive level drastically 
reducing the NPV and increasing the payback time.
The analysis has identified two important factors related to time that affect the 
economic results. Firstly, that plants that operate for longer time, e.g. through 
adequate maintenance, achieve higher NPV. Secondly, the sooner a plant starts to 
operate the better economic results the project will achieve.
The sensitivity analysis of the environmental results has identified that the quantities 
and composition of waste treated on EfW plants have significant effects on their 
environmental impacts. They also influence the environmental impacts of the whole 
waste management strategy of which the EfW treatment is just one of the processes. 
In particular, the environmental impacts are minimally improved if waste is diverted 
from landfill to an EfW plant, and greatly improved if diverted from these to recycling. 
However, the exact influence cannot be quantified a priori because it depends on the 
waste technology and its limitations as to the types of waste it can process. 
Nonetheless, these results are in line with the waste hierarchy and reinforce the idea 
that any recyclable waste should be recycled and that EfW should only be used to 
treat residual waste.
Another finding of the sensitivity analysis of the environmental results is also inline with 
another of the guiding principles of the environmental legislation: the proximity 
principle. In particular, it has been found that shorter transport distances help reduce 
the environmental impacts of waste management activities hence supporting the 
proximity principle.
Finally, it has been identified that the environmental benefits of treating waste in EfW 
plants will be reduced in the medium and long term. This is because, according to the 
forecasts, energy generated in an EfW plant in the future will displace energy 
generated mainly in “cleaner” gas CCGT plants in the future rather than “dirty” coal 
plants as at present.
15.6 Other general conclusions
This section will present other findings and barriers identified throughout this research 
that do not fit exactly within the sections presented above but that are still relevant.
15.6.1 Decision Support Tool
One of the actual barriers identified during the research was the difficulty to 
understand some of criteria used in the DST. This situation was found during the case 
study (cf. section 14) when internal stakeholders could not fully understand the 
environmental criteria used.
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Similar problems had been reported previously (Elghali, Cowell et al., 2006; Sinclair, 
Cowell et al., 2007; Elghali, Clift et al., 2008). However, it was thought that these 
problems would not apply to this research as the intended DST users are managers 
who had been reported to be less problematic (Jackson, 2000). In hindsight, it might 
had been appropriate to follow the suggestion by Eriksson et al. (2003) consisting of 
presenting the model first to internal stakeholders’ technical staff and then to non­
technical stakeholders. Another alternative would had been to discuss previously the 
criteria to incorporate using decision conferencing (Elghali, Clift et al., 2008).
The solution implemented in this research was to group the environmental criteria into 
more descriptive categories (of. section 11.5). Furthermore, it was found that some of 
the criteria highly relevant for the internal stakeholders were not incorporated in the 
model, such as odour, visual intrusion and noise. Again, this was rectified by 
incorporating them as technical criteria (cf. sections 5.9, 6.9, 7.9 and 8.9) and carrying 
out the weighting exercise again.
In summary, no simple solution exists for creating the model and each stakeholder is 
likely to have his/her own opinion on the structure of the model and criteria to 
consider. Nonetheless, possible workarounds have been discussed and some have 
been implemented in the research to improve the original model.
16.6.2 Planning
New waste infrastructures require planning permission by the Local government (UK 
Parliament, 2008). This process involves an environmental impact assessment (UK 
Parliament, 2008) as well as a consultation with the external stakeholders, e.g. local 
residents, when they can present their views on the development. This process, 
although necessary, usually causes several delays and has been identified as a huge 
barrier (House of Commons, 2002; Rice, 2007) although efforts are being made to 
reduce it via government guidance (ODPM, 2004; ODPM, 2005; Scottish Executive, 
2007).
According to the Audit Commission (2008), the average number of years for major 
waste infrastructure to become operational is seven years. However, in extreme 
cases, such as the Riverside Recovery facility in Belvedere London, it may take over 
10 years from the second planning application, or up to 20 from the first (Cory 
Environmental, 2009). This delay acts as a barrier for developers and investors that 
bear very important risks and incur expenses over a long and uncertain period. More 
recently, these delays have begun to affect local authorities that need to comply with 
the deadlines of the EU’s Landfill Directive (European Commission, 1999). Such long 
delays mean that unless the planning process was started long ago, the plants will not 
be ready to contribute to the Local Authorities’ targets and so they may need to pay 
fines (Audit Commission, 2008).
Conveniently, a recent revision of planning policy has streamlined planning for 
strategic energy and waste facilities (DCLG, DEFRA et al., 2007; DTI, 2007). This has 
benefited some facilities that can circumvent the lengthy local authority planning 
process by seeking direct approval by the Secretary of State. In order to be able to 
use this workaround, the EfW plant has be a “Nationally significant infrastructure 
project” under paragraph 14 of the Planning Act 2008 (UK Parliament, 2008) and in the 
case of EfW to generate more than 50 MWe although this process itself can also be 
challenged incurring in further delays. This workaround has been used by the 
Riverside Recovery facility at Belvedere (Cory Environmental, 2009) and more recently
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the Ineos Chlor incinerator (Letsrecycle, 2009) with a capacity of up to 850,000 tonnes 
per annum of RDF generating up to 100 MWe and 360 MWth.
These long delays represent a major barrier because they discourage investment in 
EfW. The new streamlined process is an improvement towards integrated approach 
between national strategy, regional implementation and local planning and was 
implemented to facilitate the planning process for waste facilities as it has been done 
in Europe (SLR Consulting Ltd., 2005). Furthermore, this integration would also help 
optimise EfW plant capacities that is one of the barriers discussed in the next section.
15.6.3 Scale and geographical information
Many building development projects dealt with during this research had scales where 
energy and waste management were very important issues to consider. However, very 
often, they did not justify an EfW plant on their own, e.g. the PRUPIM case study in 
section 14, because the amount of waste generated in the development was not 
enough for the minimum feasible economic sizes described in Table 11.
It has been established in this research that there appears to be a minimum techno- 
economic design capacity for EfW plants to operate economically in the UK at 
present. The opposite problem is faced by waste disposal authorities (WDA) that 
usually have enough waste to justify EfW plants as part of their waste strategies, but 
find it very difficult to optimize the plant’s capacity. If it is too large, it will be more 
difficult to fund and it will not bring “value for money” because the plant might not 
operate economically. Conversely, if it is too small, their landfill diversion targets might 
not be achieved. It would be the natural choice for each individual W DA to “oversize 
its plant to compensate for waste forecast errors and have margin to achieve its 
diversion targets” (Audit Commission, 2008). However, this may not be the most 
efficient way to deal with residual waste at a regional level, i.e. comprising a few  
WDAs, therefore the Audit Commission (2008) recommends to “coordinate waste 
management strategies and investments with waste authorities working in partnership 
with regional neighbours”. This may be in contradiction with the proximity principle 
(European Commission, 2005) and therefore should be carefully investigated as 
suggested in section 15.7.
This problem is also reported by Coggins et al. (2009) who highlight that W DA’s 
targets might not be fully aligned with those of waste collection authorities (WCA) thus 
hampering adequate collaboration. Coggins et al. propose to eliminate the two-tier 
approach of W DA and W CA by a single-tier waste authority. Currently, there is a 
possibility of collaboration between WDAs and WCAs in England as Joint Waste 
Authorities (JWAs) established by the Local Government and Public Involvement in 
Health Act 2007 (UK Parliament, 2007). However, few waste authorities have shown 
interest on the proposal although those that did have greatly improved their waste 
management systems (Local Government Association, 2008).
Furthermore, large EfW plants are likely to attract more opposition because of their 
larger associated noise, odour and visual intrusion characteristics. Moreover, because 
of these factors, they are likely to be far away from residential areas and not able to 
distribute heat to them easily (of. section 15.6.4). Additionally, large plants have higher 
capital costs (of. section 10.13) thus are more difficult to finance.
Moving away from these techno-economic criteria to define the scale of EfW plants, 
two design guides (Dow Jones Architects and Arup, 2008; Enviros, 2008) have 
recently been published to guide the EfW planning and design process. They suggest 
optimising the plant scale to reduce capital costs and achieve an adequate integration
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with nearby building developments. They also encourage the adoption of mitigation 
measures to reduce any potential noise, odour and visual intrusion impact.
In conclusion, it is necessary to optimise the scale of an EfW plant so that it is larger 
than the minimum scale threshold but not too large so that it will be difficult to fund or 
it might be uneconomical to operate as described in section 13.1.3.
In the case of EfW, another important geographical factor is information regarding the 
geographical availability of feedstocks (Anaerobic Digestion Task Group, 2009) for the 
different EfW technologies, e.g. organic wastes, RDF, etc. and to fill this gap, DEFRA 
(2009) has published some information on the potential use of RDF in different UK 
regions.
15.6.4 Heat generation and distribution
This section discusses a problem already partially discussed that overarches several 
topics: plant scale and location, economic costs, technical feasibility, legislative, etc. 
The problem is heat generation and distribution.
Heat needs to be rejected as part of the thermodynamic Rankine cycle used to 
generate electric power with steam turbines in the majority of power and EfW plants in 
the UK. Currently, heat rejection temperatures are designed to maximise electricity 
generation, but there are no technical obstacles preventing the rejection of heat at 
temperatures suitable for heating installations. This practice will increase greatly the 
overall efficiency of the process although at the expense of reducing electricity 
generation, this effect is referred in the technical literature as the Z-ratio (CHPQA, 
2007) (cf. section 10.14.3). Unfortunately, few power generation plants cogenerate 
heat and power in the UK, and just a tiny fraction in the case of EfW plants, despite 
this being very common elsewhere in continental Europe (Porteous, 2005; Danish 
Energy Agency, 2009). The current situation stems from several barriers:
•  The lack of large and reliable heat outlets, either industrial or residential, 
nearby EfW plants (ILEX Energy Consulting, 2005). See section 15.1
•  The very high risk of not being able to recover the investment in DH 
infrastructure, which is very expensive particularly when retrofitting in built up 
areas, because of the customer freedom to change suppliers.
•  The previous implementation of the renewable obligation awarded incentives 
only to the renewable fraction of the electricity generated by certain EfW  
technologies discouraging cogeneration. However, the new renewable 
obligation order {UK Parliament, 2009 #549} encourages CHP units because 
they have higher overall efficiencies although the electricity efficiency is 
generally lower.
However, cogeneration has important environmental benefits as has been found in 
this research because CHP plants displace more fossil fuels and avoid more 
environmental impacts than electricity only plants particularly on the ARD and GW 100  
impact categories (of. 11.11). However, distributing the generated heat involves extra 
capital, potentially higher operational costs and lower revenues from selling heat 
instead of the more valued electricity (as identified in the PRUPIM case study in 
section 14) thus presenting an economic barrier for EfW CHP plants. Therefore, there 
is a strong need for supporting cogeneration. This support has started to be 
discussed recently and it is taking form as the Renewable Heat Incentive currently 
under consultation.
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In fact, many of the “old” EfW plants in the UK are located in urban areas and so have 
significant potential residential heat demand (ILEX Energy Consulting, 2005) but the 
large capital costs of laying a DH network through a built area are very discouraging 
for exporting heat, e.g. SELCHP. This situation may be changing with more recent 
EfW plants, e.g. Ineos Chlor incinerator (Letsrecycle, 2009) and some gasification 
plants (Energos, 2009), being built or proposed on industrial locations but far away 
from residential areas. In this case, the potential for a constant heat demand exists but 
extra benefits could be achieved if additional heat was to be supplied to residents. 
However, supplying heat to an industrial user or users minimises the risks of losing 
residential customers hence providing a more reliable investment framework. 
Therefore, in order to maximise the environmental benefits and minimise the economic 
risks, it would be necessary for EfW plants to be located conveniently close to both 
types of demands.
Nonetheless, identifying these convenient locations requires mapping heat demand 
geographically. Several of the planning policy statements (ODPM, 2005) that guide the 
implementation of UK planning policy place a duty on “regional planning bodies” to 
ensure that they maximise opportunities for decentralised energy and efficient energy 
supply as well as identify opportunities to use waste heat. These have teamed with 
Government departments, originally DEFRA but now DECC, to create the “Industrial 
Heat M ap” (AEA Technology, 2008). Other independent attempts have been carried 
out, for example, the ICE (2009) has identified two potential clusters of power plants 
that could distribute heat economically to their surroundings by mapping heat 
availability from power plants to potential heat users.
Another initiative has been the London First report on decentralised energy (Buro 
Happold Engineers, 2008) this report provides input to support the London 
Development Agency in its duty to maximise opportunities for decentralised energy. In 
this report, EfW CHP is seen as a potential significant contributor to the target of 25%  
of energy coming from decentralised sources in London by 2025.
15.6.5 Legislation
One of the most important drivers for but also barriers to EfW is legislation.
On the positive side, the legislation discussed on section 4.3 has been a clear driver 
for EfW in the UK as a result of economic instruments such as the renewable 
obligation certificates, the landfill tax and the LATS regime (cf. section 4.3).
On the negative side, the disassociation of energy and waste policies, at least until 
recently, has prevented the public from associating “waste with a social good, i.e. 
heat and electricity” (SLR Consulting Ltd., 2005) which is not the situation in other 
European countries. Moreover, EfW plants have relatively long paybacks (cf. sections 
10 and 15,3); hence, any uncertainty on the long-term legal framework has a negative 
effect because it increases risks and discourages investment thus acting as a very 
important barrier. Therefore, it is necessary to have a stable legal framework to enable 
sensible planning and investment appraisal to deliver waste infrastructure as it was 
found in Europe (SLR Consulting Ltd., 2005) and demanded again by the Audit 
Commission (2008).
Finally, the implementation of some legislation may have, deliberately or not, a 
negative effect to that intended. For example, the cumbersome administrative process 
for registering with the RO process is hindering small scale plants, e.g. Compact 
Power/Ethos Energy is registered but does not claim ROCS because of the complex 
process (Ethos energy, 2008), and the same can be expected for AD plants that
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generate small amounts of electricity. This situation may be partially solved by what is 
intended to be a simpler mechanism for small renewable electricity generators: the 
proposed feed-in tariff (DECC, 2009).
15.6.6 Poisonous carrot
One of the most difficult barriers to spot and identify may be the “poisonous carrot” 
that needs to be understood in the context of the “sticks and carrots” approach to 
penalise or incentivise certain actions.
This “poisonous carrot” appears when incentives are set up to encourage one specific 
action but may prevent alternatives in what it could be considered similar to the 
“technology lock-in” described by Arthur (1989). This is the case of the renewable 
obligation for electricity or the finance, design, build and operation of an EfW plant.
The case of the renewable obligation can be seen as a “poisonous carrot” because it 
encourages renewable electricity only, rather than renewable heat or, even better, 
renewable energy generation overall. Consequently, EfW plants developers, designers 
and operators only have an incentive to generate electricity, but not to generate heat 
or to increase the plant’s overall efficiency. This incentive has created a quite effective 
“technology lock-in” because just a minimal proportion of EfW plants in the UK 
generate heat. In the case of EfW CHP plants, it has been discussed that generating 
heat reduces their electricity efficiency. This reinforces the “lock-in” because a CHP  
plant would be losing twice because of the loss of direct revenue from electricity plus 
the RO incentive. Although the banding of the renewable obligation actually worsens 
this situation, the renewable heat initiative, currently under consultation, can be seen 
as a movement in the right direction to incentivise not only electricity but also 
renewable heat generation thus minimising this “poisonous carrot”.
Another example may be the design and operation of an EfW plant. It has been 
demonstrated in this research (cf. section 13.1.3) that for an EfW plant to operate 
profitably it must have a constant supply of residual waste. However, EfW plants tend 
to be oversized for the reasons described in section 15.6.3; hence, despite a potential 
consideration of an easy win towards the LATS targets (cf. section 4.3), this may turn 
into a “poisonous carrot” because what was intended to be an incentive to divert 
waste from landfill ends up requiring an oversized supply of feedstock. Unfortunately, 
this supply may be in competition with other alternatives that may be overlooked, e.g. 
recycling and waste reduction initiatives. As the Audit Commission (2008) mentions 
“(local authorities) may also achieve a worse environmental solution if, by building 
large disposal facilities, they reduce their own financial incentive to pursue waste 
reduction or recycling initiatives.” In fact, this has been one of the strongest criticisms 
of EfW (FoE, 2007; Greenpeace, 2007; Audit Commission, 2008). In order to avoid this 
“poisonous carrot”, it is necessary for EfW not to be considered the most important 
element of a waste strategy neither independently from the other parts of it. An 
example of an initiative to avoid this situation is the requirement imposed by some PFI 
waste deals that waste authorities have to achieve a 50%  recycling if they are to be 
awarded with PFI funding for residual treatments (Audit Commission, 2008).
15.6.7 Commercial proven status
Incineration is the only commercially proven EfW technology for M SW  in the UK and 
this is a barrier for the other technologies to enter the market. The “new technology 
demonstrator programme” from DEFRA (2005; 2007) was set up to overcome this lack 
of trust by funding a range of waste treatment technologies to test them under UK 
conditions and improve their marketability. This program has been quite successful
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with AD and in-vessel technologies but less so for gasification and pyrolysis (DEFRA, 
2008; DEFRA, 2008; DEFRA, 2008).
Despite the existence of a few AD installations, e.g. Holsworthy (Energy Systems 
Research Unit, 2004), particular interest has started to be paid to AD since its specific 
mention in the Biomass Task Force report (MacLeod, Clayton et al., 2005). The 
interest from developers and local authorities was further boosted when AD was again 
mentioned in the in the UK Biomass Strategy 2007 (DEFRA, DTI et al., 2007) and the 
England Waste Strategy 2007 (DEFRA, 2007) as the appropriate technology to treat 
some agricultural, farm and source segregated food wastes whilst reducing 
greenhouse gas emissions. The UK Government has created an AD Task Group to 
catalyse the interest in AD for actual projects (Anaerobic Digestion Task Group, 2009). 
A specific AD Demonstration Programme funded with £10m from the Government in 
2008 and delivered by WRAP will provide the adequate support to reinforce the 
feasibility of AD in the UK market increasing its uptake.
15.7Future research
This final section presents some topics that have been identified through this research 
and that would benefit from additional research in the future.
With regards to the technical aspects of EfW plants, it will be necessary to confirm if 
gasification and pyrolysis plant footprints are smaller than incineration as generally 
accepted or conversely as found in this research. Also, maximum and minimum 
footprint ratios for gasification and pyrolysis plants differ by a factor of 100 so it will be 
necessary to clarify which elements are included in the quoted footprints, e.g. only 
building footprint or also circulation spaces, parking, etc., to improve the accuracy of 
the footprint ratio.
Another topic that would benefit from further research is economic data. If additional 
economic data on capital and operational costs was published, compiled and verified, 
it would greatly improve the economic modelling of EfW plants. This need covers all 
EfW technologies but in particular:
•  Large incinerators. Figures from old projects seem too low when compared to 
recent data, e.g. the Belvedere incinerator (Gory Environmental, 2009)
•  Gasification and pyrolysis plants because most data is from outside the UK.
Additionally, it will be necessary to analyse the influence of the supply and demand 
market of EfW plants on their capital costs because the surge in demand for plants 
has created a surge in prices (Environment Agency, 2006; McConville, 2008) that will 
have a strong impact on the economic operation of the plants.
The environmental analysis could be improved if additional aspects not covered 
because of the LCA limitations could be considered. Therefore, it should be 
investigated how to include socially generated impact categories such as noise, visual 
intrusion and odour as well as site-specific particularities in a tool that could be 
integrated with MODA.
Additional work to explain better to non-technical stakeholders some of the criteria 
used in the MODA analysis, in particular the environmental criteria will also prove very 
useful to improve the applicability of this research in particular and MODA in general. 
This research has attempted to group and present in simpler terms some of the 
environmental criteria, but further work would have to be carried out to explain in
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understandable terms for non-technical stakeholders the meaning of the 
environmental criteria associated with LCA.
Additional research topics stemming from the environmental analysis include some 
optimization opportunities. For example, shorter transport distances help reduce the 
environmental impacts of waste management activities hence supporting the 
proximity principle, but this decreases waste catchment area and so plant capacity. 
Moreover, EfW technologies cannot be considered independent from the remaining 
elements of a waste strategy, e.g. collection, pre-processing, recycling and final 
disposal, so once the DST has been used to identify the preferred technology further 
research should be done to optimise its integration within a larger waste management 
strategy.
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A DECISION SUPPORT TOOL FOR THE 
INTEGRATION OF ENERGY FROM 
WASTE TECHNOLOGIES WITHIN THE 
BUILT ENVIRONMENT
p. IZQUIERDO LOPEZ A. CRIPPS R. CLIFT S. JEFFERIS'"’ 
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UK
2. CENTRE FOR ENVIRONMENTAL STRATEGY, University o f  Surrey, 
GU2 7XH, Guildford, Surrey, UK.
SUM M ARY: This research proposes a D ecision Support Tool (DST) to help in the 
holistic assessment o f  the technical, econom ic and environmental aspects o f  the 
integration o f  Energy from W aste (EfW) technologies within the built environment. The 
DST w ill inform developers, planners and consultants during the concept design stages 
o f  a project on the most appropriate EfW  technology, i f  any, for a development. 
Application o f  this tool involves two phases o f  work. The screening phase reviews 
which technologies are appropriate for the estimated waste arisings. The second phase 
uses multi-criteria decision analysis (M CDA) to evaluate the econom ic and 
environmental aspects o f  the technologies chosen in the previous phase. The outputs 
from the DST w ill be validated with a case study and subject to sensitivity analysis to 
identify the most significant criteria and the impacts o f  a changing econom ic and 
legislative framework
1. INTRODUCTION
In line with the leading principle o f  E U ’s waste framework directive (European 
Commission, 1976), the waste hierarchy, any Energy from Waste (EfW ) technology is 
preferred to landfill to treat non-reeyelable waste. Several positive aspects o f  EfW  
support this statement: reduction o f  greenhouse gas em issions (H ogg et al., 2008), 
increasing renewable energy generation (DTI, 2006) and minimising landfilling and 
wastage o f  scarce resources whilst not necessarily competing with recycling as 
demonstrated by countries like Denmark. However, EfW  has traditionally faced strong 
opposition in the UK. Therefore, the few  EfW  plants that have been built are not very  
w ell integrated with the built environment. This traditional position has led to the 
current shortage o f  EfW  facilities and limited their potential benefits. At a local level in
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particular, heat from EfW  facilities has not been used in district heating networks 
although this is common practice is Eastern and Northern Europe.
To improve the current situation and achieve the EU self-im posed challenging 
energy and waste targets, more EfW  facilities need to be integrated within the built 
environment in the UK. This means building them closer to where waste is generated 
and so that energy, particularly heat, can be distributed back to urban areas where it is in 
high demand (Beck, 2003).
Therefore, a D ecision Support Tool (DST) to help with the holistic assessment o f  the 
technical, economic and environmental aspects o f  the integration o f  EfW  technologies 
within the built environment is required. Such a DST w ill inform developers, planners 
and consultants during the concept design stages o f  a project on the most appropriate 
EfW  technology, i f  any, for a development. The tool involves two phases. The first 
screening phase reviews which EfW  technologies are appropriate for the estimated 
waste arisings. The second uses multi-criteria decision analysis (M CDA) to evaluate the 
econom ic and environmental aspects for the previously selected technologies. 
Specialized tools can be used to assess the econom ic and environmental criteria under a 
life cycle perspective for input to the MCDA. For example, life cycle costing is used for 
the econom ic analysis and WRATE, the U K  Environment A gency’s waste life cycle  
analysis software, is used for the environmental analysis. A lso, stakeholders assign  
weights to different criteria scores so that the M CDA output reflects their preferences. It 
is proposed, in a future stage, that the model w ill be subject to validation and sensitivity  
analysis which can also be used to study future energy and waste legislative and 
econom ic scenarios.
2. RESEARCH CONTEXT
This research focuses on assessing the integration o f  EfW  technologies within  
building developments considering the technical, environmental and econom ic aspects. 
It is aimed at use in the UK  during the early project stages when little detailed  
information is known but critical decisions, such as using or not EfW  and the most 
suitable technology, need to be made.
The DST is just one o f  the outcomes o f  the research currently being done. Figure 1 
shows its integration within the whole research scheme and how  from the limited  
knowledge o f  quantitative project details and stakeholders’ qualitative opinions, useful 
outputs can be obtained. The Waste Estimation Tool uses published information on 
waste generation in several locations for different types o f  buildings, e.g. households, 
hotels, etc. as w ell as empirical data from waste audits to estimate the quantity and 
quality o f  waste generated in a building development. Applying capture factors, the tool 
estimates the total amount o f  residual waste as w ell as its com position in six categories: 
paper and cardboard, metal, glass, plastic, putrescible and other.
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Figure 1. Research scheme.
That information is then used by the DST together with the stakeholders’ opinions to 
produce a ranking o f  feasible options to treat the estimated amount o f  the residual waste 
from the development. However, the decision process takes places within a changing 
framework o f  legislation, energy prices, taxes, etc. This adds uncertainty that needs to 
be explored with sensitivity analysis to assess the effects these possible changes may 
have on the decision.
3. PHASE ONE
An extensive and detailed review o f  the literature on general EfW technologies 
(McLanaghan, 2002; CIWM, 2003; Fichtner Consulting Engineers Ltd., 2004; 
Environment Agency, 2006), covering the whole range from the w ell established 
incineration (Rand et ah, 2000; Biffa, 2003; Institute for Prospective Technological 
Studies, 2005) through to anaerobic digestion (lEA  Task 24, 2001; Bum s, 2003; Mata- 
Alvarez, 2003) and the yet incipient gasification and pyrolysis (Juniper, 2000; AEA  
Technology, 2001; Sutcliffe, 2002; Bridgwater, 2003), was carried out during the first 
part o f  the research. Plasma gasification technology (Bryden, 2007) has been considered 
at a too early stage to be incorporated in the analysis although its evolution is carefully 
monitored. Technologies were grouped for simplicity because the main aim o f  the DST  
is an initial EfW technology feasibility assessment rather than an exact technology  
selection. In particular, gasification and pyrolysis are grouped together because there is 
just one pure municipal solid waste pyrolysis plant in operation (Malkow, 2004) and 
they usually appear combined in the same plant, e.g. Compact Power (2007).
Table 1 condenses the results o f  the technical review findings providing thresholds 
for the limiting criteria, benchmarks for further analysis or relevant information for the 
stakeholders to consider in the M CDA phase. It describes the commercial status o f  the 
technology in the UK, i.e. i f  it has a proven record o f  operation, the fuel is suitable and 
o f the right net calorific value. N o EfW technology w ill be considered further i f  there is 
not enough land or suitable quantity and quality o f  feedstock available for the plant, i.e. 
these are limiting criteria; hence the name o f  the screening phase.
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Technology
Anaerobic
digestion
Gasification/
Pyrolysis
Incineration Criterion Type
Limited
Proven in the UK? commercial
operation.
Pilot scale only. Yes. Weighted
Suitable fuel
Organic waste 
free of plastics 
and other
Homogeneous pre- 
processed waste, 
e.g. RDF.
Most wastes. Limiting
contaminants.
Accepted fuel net 
calorific value (MJ/kg)
N/A 12-16 9-11 Limiting
Minimum plant 
footprint (m )^
> 3,000 > 6 , 0 0 0 > 2 0 , 0 0 0 Limiting
Minimum throughput 
(tonnes per annum)
> 5,000 > 30,000 > 60,000 Limiting
Net Electricity 
(kWh/tonne)
150-200 500-600 450-550 Benchmark
Table 1. EfW  technology minimum throughput, suitable fuel and calorific value.
The minimum throughput indicates the waste capacity o f  a plant to be econom ically  
operated in the UK  based on existing and proposed plants. An average benchmark for 
the net electricity that each technology w ill produce per tonne o f  adequate feedstock  
treated is also provided
4. PHASE TWO
The second phase o f  the DST uses specialised tools integrated in a M CDA  
framework to analyze under a life cycle perspective the econom ic and environmental 
aspects o f  the remaining potential technologies identified in the first phase. The 
quantitative results w ill be used to score selected criteria that w ill be weighted  
according to the stakeholder’s qualitative opinions producing a rank o f  options. Results 
w ill be validated for consistency follow ing M C DA guidelines in the U K  (DTLR, 2000). 
A  sensitivity analysis w ill identify the most relevant criteria and explore the effects o f  
changing frameworks.
This phase o f  the DST is currently being completed. The tools for the econom ic and 
environmental analysis have been chosen, with current work focusing on gathering the 
econom ic data and checking for consistency o f  the analysis.
4.1 Multi Criteria Decision Analysis (MCDA)
Multi-criteria analysis is usually applied to post-normal science problems (Ravetz et 
al., 1993), i.e. a com plex situation, involving several disciplines, with large uncertainties 
and high stakes. This situation often appears when assessing simultaneously the 
technological, econom ic and environmental aspects o f  a problem (Clift, 2006) as in this 
research. M CDA is conceived to address all these difficulties and “model the system  in 
a quantitative or qualitative w ay aiming at providing technical information for a better 
decision” (Wrisberg et al., 2002).
M CDA allows integration o f  quantitative data from specific tools as w ell as
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qualitative data, e.g. stakeholders opinions. Several environmental and economic 
specific tools incorporating life cycle thinking were considered (Finnveden et al., 2005) 
and two were chosen. Life cycle costing (LCC) is an analytical tool to explore the 
project econom ic aspects whereas life cycle assessment (LCA) is a w idely accepted tool 
to assess environmental impacts.
Multi criteria analysis has been used before in waste management activities (Murphy 
et al., 2004), and in particular with EfW  technologies (Longden et al., 2007). This 
supports its use in this research which is still innovative in the phased assessment 
process, its combination with the waste estimation tool and the use o f  a DST at the very 
early stages o f  a project.
4.2 Economic analysis
Following the principles o f  LCC all econom ic information related to the different 
EfW  technologies is incorporated in a spreadsheet model. This approach allows 
calculation o f  revenues and costs over the whole life o f  the project as w ell as economic 
indicators, e.g. net present value, that w ill be used as criteria in the DST.
Operational costs distribution
Capital cost distribution
11% 1 3%
□  D is p o sa i residues
■  C a p ita l costs
□  Labour
□  M a in tenance
■  C onsum ab les
21%
15%
3 6 %
17%
m
16%
52%
□  W aste handling, 
grate, boiler
■  Power generation 
equipment
□  Flue gas cleaning
□  Building and civil 
work
Figure 2. Capital and operational costs for incineration plant (SLR Consulting Ltd., 
2008).
The economic flows o f  any EfW facility that affect its econom ic viability have been
classified into four categories:
■ Revenues: obtained by gate fees, selling o f  heat and electricity and other by-products 
such as recovered materials, digestate, etc. Prices are driven by markets availability 
and competition.
■ Incentives: these extra revenues represent incentives set up by government bodies 
and agencies such as the Renewable Obligation Certificates for electricity in the UK. 
Consultations are ongoing for possible incentives on renewable heat.
■ Capital costs: these are one-off costs such as the construction o f  the building and 
equipment acquisition, although repaid over the life o f  the project.
■ Operational costs: these recurrent costs represent the day-to-day expenses o f  a plant.
Cost information is being gathered from relevant companies in the UK sector, e.g. 
Biffa, Veolia and other sources although it is extremely difficult to obtain comparable 
data (Environment Agency, 2006; Tsilemou et al., 2006; DEFRA, 2007; SLR 
Consulting Ltd., 2008). Costs depend on plant design and operation but many vendors 
and operators do not want to disclose them for commercial reasons. Moreover, quotes
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for a “generic” plant are likely to be more inaccurate than for a more specific tender 
where more details are available.
A  recent report (SLR Consulting Ltd., 2008) presents a typical indicative split o f  
capital costs for an incineration plant as shown in Figure 2.
Figure 3 presents estimated capital costs and gate fees for incineration plants updated 
to 2008 prices from different sources. They are still highly dispersed probably because 
o f  the different assumptions in the quotation but impossible to discern with the 
information published. Nonetheless, econom ies o f  scale can be observed in capital costs 
as the index o f  the best fit curve (y = 0 . 0 0 shows.  The negative index o f  the
estimated gate fee curve (y = 2150.5x
4.3 Environmental analysis
-0 .307 ) confirms this tendency.
The environmental analysis w ill be carried out with the UK  Environment Agency  
software WRATE version 1.0.1.0 (Environment Agency, 2007). This is a peer-reviewed  
LCA software specialized in waste management in the UK developed follow ing the 
standard ISO 14040 series.
Incineration capital costs and gate fees
140300
z -  120250
w 200
150
- 60
■5. 100 -  40
50 20
0
500100 3000 200 400
Throughput capacity ( '000 tonnes)
♦ Capital cost -------- Capital cost Cl — —  Capital cost Cl
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Figure 3. Incineration costs updated to year 2008 (DEFRA, 2006c; Tsilem ou et al. 
2006; DEFRA, 2007; Ernest and Young, 2007)
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Several waste management and treatment options are available to model the system. 
Their eharacteristics and impacts are based on data from actual operation obtained by 
the Environment A gency’s waste analysis research programmes (Environment Agency, 
2006) and from impact inventories such as Ecoinvent. Additionally, the waste 
composition and electricity mix can be tuned to accurately represent the expected  
situation. For each EfW technology remaining after the screening phase, W RATE w ill 
calculate the environmental impaets. These w ill be the criteria that w ill be scored and 
weighted, namely: abiotic resource depletion, freshwater aquatic ecotoxicity,
acidification, eutrophication, global warming and human toxicity.
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5. CONCLUSIONS
This paper has presented an innovative approach to the post-normal science problem  
o f  assessing the feasibility o f  EfW  technologies and their integration within the built 
environment covering the technological, econom ic and environmental aspects. The 
proposed DST w ill inform developers, planners and consultants during the concept 
design stages o f  a project on the most appropriate EfW  technology, i f  any, for a 
development.
A s a result o f  to the staged approach o f  the DST and its integration with a waste 
estimation tool, it can be used in the early project stages when, despite the high 
uncertainties, consideration and selection o f  an EfW  technology takes place. The first 
stage considers the estimated waste arisings and lists the requisites so that non- 
compliant technologies are identified and not considered further. The second stage 
consists o f  an M CDA framework to carry out an in-depth econom ic and environmental 
analysis using life cycle costing and a commercial software for waste management LCA  
whose results w ill score the selected assessment criteria. Moreover, thanks to the 
characteristics o f  the M CDA framework used, the tool proposed incorporates both 
quantitative scores and qualitative stakeholders opinions to produce a ranking o f  
solutions.
6. FURTHER WORK
The weighting, validation and sensitivity analysis stages are yet to be done. 
Nonetheless, using projects where Buro Happold is involved, it is envisaged that the 
DST w ill be tested in a real case. A  workshop w ill be set up with the stakeholders, e.g. 
project developers, planning authorities, and the scores for each criterion weighted  
according to their preferences hence generating a ranking o f  possible EfW  technologies 
suitable for the project. These results w ill be further validated for inconsistencies and 
finally subject to sensitivity analysis to identify the most influential criteria in the 
ranking as suggested by published U K  guidelines (DTLR, 2000). The sensitivity 
analysis w ill link with another o f  the research outcomes where the different drivers and 
barriers for the integration o f  EfW  within built environments w ill be investigated  
because it w ill allow exploring the consequences o f  the changing energy and waste 
legislative and econom ic frameworks.
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Abstract
Estimating operational waste quantities and composition arising from new building within cities 
of the scale usually proposed by developers is difficult because of the limited information 
available. To improve this situation, this paper has compiled sources of existing benchmark 
data, particularly for commercial and industrial wastes, that can be used to carry out these 
estimations. The difficulties of generating benchmarks are described and the most appropriate 
units to reduce uncertainty are discussed, highlighting the preference of weight over volume 
units. The need for proxy variables to relate building areas to waste generation elements, e.g. 
number of employees, is also presented. Finally, this paper describes two possible uses of 
waste benchmarks: to estimate waste arisings through a simple methodology and as 
environmental performance references. The latter is further detailed by comparing existing 
office waste benchmarks with the results of a waste audit in an office where the composition 
found shows remarkable consistency with the average of published benchmarks although the 
quantities are lower than the benchmarks.
Keywords
Waste strategy, estimation, quantity, composition, and benchmark.
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Introduction
A waste management strategy establishes the policies that have to be implemented to manage 
waste in a building development, city or region. Estimating current and future quantities and 
composition of waste generated in a development is necessary to tailor an appropriate waste 
strategy, particularly if recycling and energy recovery are considered. These data enable the 
storage, collection, transport and treatment facilities to be sized to deliver the strategy and 
estimate recycling percentages, all of which are required when preparing documentation for 
planning applications.
The approach set out here is intended to help in this planning process. This paper focuses on 
three main waste types generated during the operation of mixed-use building developments 
that include offices, residences, hotels, etc. They are: commercial and industrial (C&l) and 
municipal solid waste (MSW) that represented 13% , 12%  and 9%  respectively of the 335 
million tonnes of waste generated in the UK in 2004 (DEFRA, 2006b). Moreover, the focus on 
operational waste excludes construction and demolition waste.
A waste baseline for an existing building development can be compiled from waste quantities 
and composition information gathered from direct, e.g. waste audits, and indirect sources, e.g. 
WasteDataFlow database (DEFRA, 2004). Unfortunately, compiling this information can be 
complex and using it to forecast future trends inevitably carries some uncertainty.
Two further levels of complexity and uncertainty are added when estimating waste for a new 
development. Firstly, the waste strategy should be prepared in the early stages of the 
development to allow its commercial feasibility to be assessed. However, at this stage only the 
barely essential information on location, building types and floor areas is likely to be known. 
Secondly, the estimates have to be based only on indirect data, such as published waste 
generation benchmarks, and proxies or conversion factors have to be used. Several types of 
proxies can be used depending on the activity or type of building where the waste is 
generated, e.g. number of employees in an office, the number of students in a school, etc.
Benchmarks enable quick estimates of waste quantities and composition for new 
developments from data from similar activities and locations or can be used for existing 
developments as a comparison tool. For example, a facilities manager could use benchmarks 
to assess performance and establish targets for the future. Both these uses are explored in this 
paper.
Unfortunately, there is a lack of benchmarks stemming from the poor existing general waste 
information. Insufficient waste data has been highlighted as a problem in the UK for some time 
(Strategy Unit, 2002) although it is also common elsewhere (Hogan et al., 2004). In the UK, a 
waste data strategy was created to fill the data gaps (DEFRA, 2006a) and has recently been
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revised (AEA Technology, 2008). In recent years, MSW  information has improved thanks to the 
WasteDataFlow reporting tool for local authorities (DEFRA, 2004) and the Open University 
Household Waste studies (Jones et al., 2008). In parallel, the availability of C&l waste 
information was greatly improved after the Environment Agency C&l waste surveys in 1999 and 
2002/3 (Environment Agency, 2003). Other sources of waste data are the waste surveys used 
to inform waste authorities to prepare their compulsory waste strategies. However, the 
information in these is usually aggregated at regional scales and therefore detailed information 
on C&l waste is still scarce
In summary, published waste information is rarely sufficient to estimate operational waste 
generation for building developments of the scale usually proposed by developers, i.e. from a 
single building up to the size of the London 2012 Olympic Park. To improve this situation, this 
paper has compiled some sources of existing benchmark data and conversion factors and has 
described two possible uses of these benchmarks. The difficulties of generating these 
benchmarks are explored and the most appropriate units to reduce uncertainty are also 
discussed.
Waste benchmarks
In the early stages of a building development, when very little information is available there is a 
lot of uncertainty, several strategies, e.g. sustainability, energy, etc. have to be written and 
coordinated for the purposes of the planning application.
For example, in the energy strategy, the expected consumption in the future development can 
be estimated using benchmarks expressed as kWh/mVyear of gas or electricity. Compilations 
of these benchmarks (BSRIA, 2003; CIBSE, 2004a) are available for different building uses, e.g. 
hotel, offices, etc. Following the same principles, it should be possible to use waste 
benchmarks to estimate waste arisings. For instance, waste quantity benchmarks for different 
building uses could be expressed in kilograms of waste/mVyear.
However, calculating these benchmarks is troublesome because there are no dedicated 
“waste meters” as opposed to electricity or gas meters. This explains why waste generation 
rates are sometimes expressed in volume, e.g. number of full wheelie bins per day or 
compactors per week, rather than weight as volume quantities are easier to record, and do not 
require a weighing system. Nonetheless, weight is preferred to volume because many waste 
management activities, e.g. plant capacities, and target ratios, e.g. recycling percentages, are 
measured and reported by weight. Furthermore, volume measurements are very unreliable 
because containers may not be completely full, or because waste is heterogeneous and its 
density may vary substantially between containers, and even within a container, due to settling, 
cross-contamination, etc. Therefore, weight measures are preferred to avoid the increased 
uncertainty inherent in using average density figures to convert volume to weight.
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Just as weight is preferred to volume in waste benchmarks to reduce uncertainty, there are 
trade-offs when generating and using benchmarks in relation to the agents producing the 
waste, e.g. employees, or in relation to the area where their activities take place. On one hand, 
area is usually the only information available at the early stages of a project, so having 
benchmarks related to area should allow straightforward calculations without using conversion 
factors or proxies. On the other hand, waste generation is not related to areas but to activities. 
Usually, proxy variables, such as number of employees, hotel guests, etc., are used in 
benchmarks to relate waste generation to a given activity. Obviously, waste benchmarks not 
referred to areas may need to be transformed to estimate waste generation when only building 
areas are known. Some ratios between proxy variables and areas that will be useful in the 
conversion process can be found in design guides (Arup, 2001 ; EnviroCentre et al., 2005).
Salhofer (2000) suggests using raw material input, product output or number of clients as 
proxies, arguing that the number of employees may not have a direct relationship with waste 
generation and changes in business practices or waste management over time may distort the 
employee-waste relation. Despite this, he considers that waste benchmarks using the number 
of employees as proxies are still useful if benchmarks are updated periodically and the 
employment statistics used are for specific types of company, e.g. catering, rather than large 
generic business sectors, e.g. commercial.
In summary, only a limited set of benchmarks can be found relating waste generation rates 
with building areas, number of employees, guests, etc. and there is no consensus on the units 
that should be used.
In addition to benchmarks for waste generation rates, information on waste composition may 
also be required. In this paper, six generic waste streams have been used; paper and 
cardboard, glass, metals, plastic, putrescible and other. These are a simplification of the 
categories used in past waste strategies (DETR, 2000; Strategy Unit, 2002). Notwithstanding 
the broad waste stream definitions, weight percentages of these materials could help the initial 
quantification of materials suitable for recycling, composting, energy recovery or disposal.
Information and guidance available
As already mentioned, there is no lack of overall information on waste arisings and 
composition, particularly for municipal solid waste (MSW) as this type of waste has attracted 
most research. The problem is that existing information is usually aggregated by type of waste, 
e.g. MSW  or C&l, or location, e.g. borough, region, country, etc. However, even some of the 
current largest building developments, like the Olympic Park for the London 2012 Olympics or 
the proposed ecocities, are too small for this information to be useful. Nonetheless, this section 
presents some sources of information for waste generation benchmarks and composition that 
will be useful for smaller developments.
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Household waste accounts for 88.7%  of the total MSW  arisings according to DEFRA (2008). 
The latest Open University study for DEFRA (Jones et al., 2008) quotes waste generation 
figures of 18.6 kg per household per week in the UK with the average composition as shown in 
Figure 1.
Average household waste 
composition
other
24.7%
Putrescible
32.3%
Paper
20.4%
Plastic
7.0%
Metal 6.5%
Glass 9.1%
Figure 1. Average household waste composition. Adapted from Jones (2008)
For C&l wastes, many surveys do not disaggregate waste data by activity. For example, 
McLaurin (2006) has compiled some C&l waste data from Scotland and grouped them by 
location and number of employees but with no information on composition. A similar report by 
Leach (2002) for Northern Ireland quotes averages as well as lower and upper limits of waste 
generation benchmarks for several business categories. Despite providing composition 
information, the largest waste stream quoted is “mixed waste”, i.e. a mix of two or more 
materials, hence limiting the usefulness of the information provided. The waste survey carried 
out in 1998/99 by the UK Environment Agency was updated with a more specific C&l waste 
survey in 2002/03. The results show average waste generation per employee and composition 
and are published as a web-tool (Environment Agency, 2003). In Ireland, Hogan (2004) 
characterised non-household MSW after reviewing previous reports from elsewhere in the 
world and concluded that C&l waste information was scarce and usually classified under 
different standards thus yielding disparate results.
In the USA, two reports contain detailed information on benchmarks and composition, one 
from the city of New York (HDR Architecture and Engineering, 2004) and one for the California 
Waste Management Board (Cascadia Consulting, 2006). In Dubai, municipal guidelines (2001) 
include some waste generation estimates.
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Table 1 presents some available sources on waste data for different building types in the UK.
Building type Waste information source
Hotel IBLF (2005)
Education sector
EAUC (2001)
Waste Watch (2005)
Airports Pitt (2003)
Offices
Bartlett et al.(1995) 
Waste Watch (1995) 
Waste Watch (2004) 
EnviroCentre et al.(2005)
Table 1. List of waste Information sources for different building types in the UK
Sometimes waste information benchmarks are expressed in less preferred volume units, rather 
than mass. If these data are to be used to estimate recycling percentages or the weight of 
waste generated, they require further conversion using density figures some of which are 
published by WRAP (2009). This conversion adds uncertainty; hence volume benchmarks are 
better suited to inform waste storage guidelines in buildings typically detailed by local planning 
authorities such as the City of Westminster (Environmental Service Group, 2007). Furthermore, 
the British Standard 5906 (2005) and the Building Regulations part H 6  (ODPM, 2002) have 
information on waste generation volumes for different buildings and chapter four of CIBSE 
Guide G (2004b) contains information on waste volume and densities.
In summary, some sources of waste benchmarks and composition data in the C&l sectors 
have been presented. They could be used as reference benchmarks either to estimate waste 
generation in similar buildings or as a reference to compare current waste generation with 
other similar buildings.
Benchmark generation
The most reliable method to estimate waste arisings and composition for a new building 
development are waste audits of businesses or activities similar to those that will take place in 
the new development and near to it. However, this is expensive, time-consuming and 
statistically complicated. A representative sample needs to be selected, hence requiring 
several audits that may even need to be repeated to account for seasonal fluctuations, e.g. 
garden waste fluctuations as reported by AEA Technology (2003). Additionally, statistical 
complications appear because of the non-Gaussian distribution of waste producers; hence the 
sample and the results should be adjusted to account for the real distribution (Leach et al., 
2002). For example, there may be many small businesses with few employees and few large 
businesses with many employees, or a small number of households may generate large
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quantities of waste, skewing the results (Jones et al., 2008). Once the audits are finished, 
waste information has to be compiled and analysed together with data on areas, number of 
employees or other proxy variables. The extracted and processed benchmark information then 
can be used to estimate waste arisings in similar buildings.
In practice, the specialised waste management consultancies that produce waste strategies 
use a combination of data from in-house previous experience, e.g. waste audits of similar 
projects, and published guidance and reports, such as those discussed above, to estimate 
waste quantities and composition.
Use of benchmarks for waste estimation
Waste benchmarks can be used to estimate waste generation and composition in future 
building developments. Multiplying each building area by the appropriate waste benchmark, 
i.e. from a similar type of building use and location, and by the percentage of each waste 
stream yields an estimate of the amount and composition of waste for each building. If 
benchmarks have been generated using proxy variables, e.g. number of employees, further 
multiplication by a conversion factor, e.g. employee densities (employees per m^), will be 
necessary. Figure 2 shows this process schematically.
% Other
Building #1 Waste Proxy
Benchmark conversion
Type: Residential X X factor
Location: London 968
Households: 100 kg/household/yr. Not necessary
% Putres. 
% Plastic
X
%Glass 
% Metal
% Paper/ 
Cardboard
Building #2 Waste
Benchmark
Proxy
conversion
Type: Office X X factor
Location London 170
Area: 10,000 kg/empioyee/yr. 1 employee 
/18m^
% Other 
% Putres. 
% Plastic
X
%Glass 
% Metal
% Paper/ 
Cardboard
TOTAL AMOUNT:
191 tonnes of 
generated waste 
per annum
Paper/Cardboard 40.0%
Metal 4.7%
Glass 6.1%
Plastic 7.0%
Putrescible 26.7%
Other 15.5%
Figure 2. Estimating waste generation with benchmarks
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Use of benchmarks as performance reference
Waste benchmarks also can be used to assess the performance of existing buildings. This is 
illustrated below for an office whose waste generation was estimated via a waste audit and the 
results then compared with existing benchmarks from different sources.
An engineering consultancy office situated in central London was chosen as the location for a 
waste audit to evaluate its current waste management practices and identify areas for 
improvement. The office consists of two connected buildings each with four floors and has a 
total floor area of 2,217 m^. During the period of the audit approximately 300 people were 
working in the office. One of the buildings has a small canteen that serves refreshments but 
there is no food preparation on site although food from external caterers is served at some 
meetings. The current waste management system allows for storage and collection of residual 
waste, disposed to landfill, and recyclable materials such as co-mingled paper, card, steel and 
aluminium cans, plastic bottles and glass. Additional waste streams were also identified such 
as sanitary waste, WEEE, bulky waste, etc.
The waste audit was carried out over a whole week in November 2007 and all waste generated 
was segregated into the following streams: paper, cardboard, glass, metal, plastics, 
putrescible and other. Some of these categories were further subdivided, e.g. high density 
plastics and plastic film, etc. Similarly, the other category comprised hazardous, textiles and 
inert materials found in the general waste stream.
Figure 3 and Figure 4 present information on average and standard deviation waste quantities 
from the two buildings of the office as well as residual and recyclable waste composition.
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Residual waste composition % by weight 
Average waste quantity: 50.6 kg/day 
Standard deviation: 7.9 kg/day
Other
1 2 %
Putrescible 
42%
Paper
2 0 %
Cardboard
6 %
Metal
2 %
Plastic
15%
Figure 3. Residual waste quantities and composition % in weight basis.
Recyclable waste composition % by weight 
Average waste quantity: 50.4 kg/day 
Standard deviation: 37.3 kg/day
Metal Plastic Other 
Glass ^ 4 %  r  0% Putrescible 
2 %  0 %
Cardboard 
3%
Paper
91%
Figure 4. Recyclable waste quantities and composition % in weight basis.
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Figure 5 and Figure 6  compare the composition and quantities of waste from the audited office 
with pubiished benchmarks (Waste Watch, 1995; 2004; EnviroCentre et a!., 2005; Cascadia 
Consulting, 2006).
Comparison of the waste audit composition results with the average and 
confidence Intervals of published data
90% ■ 
80% ■ 
70% • 
60% ■ 
5  50% •
i  40% •
30% ■ 
20% • 
10% •
X
e
o
^  ^  Ê
%  T t  -
Paper/
cardboard
Metal Glass Plastic Putrescible Other
— Upper confidence level 81.8% 3.2% 2.9% 12.7% 24.1% 8.6%
— Lower confidence level 52.4% 1.1% 0.8% 7.5% 3.8% 4.7%
X  Average 67.1% 2.2% 1.8% 10.1% 14.0% 6.6%
O Audited office data 59.0% 1.0% 2.0% 9.0% 19.0% 10.0%
Figure 5. Waste audit composition results comparison with pubiished 
benchmarks.
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Comparison of the waste generation in audited 
office with the average and confidence intervals of 
published data
600 1
500 - —
® 400 -
0)
> X
O 300 - 
E
a
W 2 0 0  •
1 0 0  - o
n •u •
Quantity
— Upper confidence 501
level
— Lower confidence 196
level
X  Average 349
o  Audited office data 95.8
Figure 6. Waste audit composition results comparison with published 
benchmarks.
Assuming the two buildings of the office operate 51 weeks per annum, the residual plus 
recyclable estimated waste arisings equate to 28.7 tonnes per annum. Considering the areas 
and occupancy data, these figures could be expressed as 95.8 kg/employee per year or as 
12.9 kg/m^ per year.
Although no direct comparison with engineering consultancies’ offices is available, the waste 
composition found in the audit is similar to that of other sources as Figure 5 shows. Waste 
generation “per employee” is low compared with a best-practice of 2 0 0  kg/employee/annum  
(Waste Watch, 2004), but “per area” is high if compared with 9.7 kg/mVyear (Cascadia 
Consulting, 2006). This could be explained by the fact that the employee density (7.4 
mVemployee) in the audited office is very high compared to typical figures of 2 0  mVemployee 
(EnviroCentre et al., 2005). This shows that several factors may affect waste generation and a 
detailed knowledge of all of them is necessary to allow a fair comparison of the results.
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In conclusion, the composition found was similar to the average of the existing benchmarks 
whereas the waste generation per employee was significantly lower. These results allow a 
baseline to be created for use in environmental waste management systems and future waste 
strategies that can now be tailored to the type of waste found during the audit.
Conclusions and recommendations
This paper has presented several sources of benchmarks for C&l waste and MSW . These allow 
estimates of waste arisings and composition that can be used to tailor waste strategies and 
facilities in future buiiding developments at a smaller scale than in the waste strategies used by 
waste authorities in the UK. A list of sources of UK benchmarks for MSW  and for C&l wastes 
has been provided as weil as some internationai sources for C&l waste generation activities. 
The difficulties inherent in creating waste benchmarks have been highlighted, including the 
time and resources that need to be devoted to the statistical sample selection, the audits and 
the analysis. Weight rather than volume is the preferred benchmark unit to reduce uncertainty. 
The use of proxy variables has been introduced to relate building areas to waste generation 
elements, e.g. employees, etc. and the problems with their use noted.
The use of waste benchmarks for estimating waste quantities and composition for new 
developments and to assess environmental performance has been described. In particular, the 
latter has been illustrated with the case study of a consultancy office.
Finally, this paper has highlighted the need for further, extensive work to make more waste 
audit data available in the public domain so that they can be used as benchmarks for small 
scales building developments within cities.
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Appendix V. Waste Estimation Tool database
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Appendix VI. WRATE to WET waste stream 
equivalences
This appendix shows how the equivalences between the WET and the WRATE waste streams 
are created using the PRUPIM case study data.
In order to use W ET’s estimates in the environmental analysis, it is necessary to establish the 
equivalences between its waste streams and those of WRATE. However, the simplification of 
the former and the numerous streams in the latter require an elaborated approach.
The principle used to create the equivalences is to match the more specific WRATE’s waste 
streams into the generic WET categories while maintain the relative weights of each WRATE’s 
stream and sub-streams.
Firstly, the WRATE categories are matched to the WET categories as shown in Table 2 which is 
also colour coded.
WRATE categories WET categories
1 Paper and cardboard Paper/Cardboard
2 Plastic film Plastic
3 Dense plastic Plastic
4 Textiles Other
5 Absorbent hygine products Other
6  Wood Other
7 Combustible Other
8  Non-combustibles Other
9 Glass Glass
10 Organic Putrescible
11 Ferrous metal Metal
12 Non-ferrous metals Metal
13 Fine material <10 mm Other
14 Waste Electrical and electronic equipment Other
15 Specific Hazardous household Other
16 Processed materials Other
17 Non-MSW Other
Table 2. WRATE and WET waste stream equivalent categories
Secondly, the percentages of the WRATE waste streams are transformed so that they maintain 
their relative weights between them but add up to the percentages of the WET stream they 
belong according to Table 2.
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WET
categories
WRATE categories and 
sub-categories
Original
WRATE
composition
% within 
WRATE 
category
Modified
WRATE
composition
Metal
11 Ferrous metal 4.67% 1 0 0 .0 0 % 2.56%
11.1 Unspecified ferrous 
metal
0 .0 0 % 0 .0 0 % 0 .0 0 %
11.2 Food and drink cans 1.70% 36.40% 0.93%
11.3 Other ferrous metals 2.97% 63.60% 1.63%
Metal
12 Non-ferrous metals 0.80% 1 0 0 .0 0 % 0.44%
12.1 Unspecified non- 
ferrous metals
0 .0 0 % 0 .0 0 % 0 .0 0 %
12.2 Drinks cans 0.30% 37.50% 0.16%
12.3 Foil 0 .0 0 % 0 .0 0 % 0 .0 0 %
12.4 Other non-ferrous 
metal
0.50% 62.50% 0.27%
Table 3. WRATE and WET waste stream equivalence example
This is explained with an example of the W ET’s metal waste stream that includes WRATE’s 
ferrous and non-ferrous streams. According to WET, the percentage of metals in the residual 
waste is 3% , whereas according to WRATE, ferrous metals were 4.67%  and non-ferrous 
0.80% . These percentages are modified so that whilst maintaining their relative weights 
between them, they add up to the W ET’s figure using the following formula:
Puo
P ,,u = - ----------
È p u .
7 = 1
Where Pi  ^ is the modified percentage of the waste stream “i” , e.g. 2.56%  in the example, Pj o is 
the percentage that stream “i” had originally in WRATE, e.g. 0.80%  for the non-ferrous 
category in the example, N is the number of WRATE’s waste stream that match W ET’s generic 
waste stream, e.g. 2  in the example: ferrous and non-ferrous, and q, is the percentage of 
W ET’s waste stream where they match, i.e. 3%  for the metal category in the example.
A similar exercise is doing for the percentage of the substreams in WRATE, that need to be 
modified using also a similar equation as above to add to P|  ^ rather than p  ^  ^as originally whilst 
maintaining their relative weights between them. This is shown in columns four and fifth in the 
table above.
The equivalence of all MSW  waste streams of WRATE and WET for the PRUPIM case study are 
shown below in Figure 7 and Table 4.
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WRATE and WET waste streams for Reading 
Residual waste composition
o t h e r  -  F in e s  
3 .8 %
O th e r  -  W E E E  
1 .5 %
O th e r  -  N o n -c o m b u s t ib le s  
5 .9 %
O th e r  -  C o m b u s t ib i 
5 .1 %
O th e r  -  H a z a rd o u s  
h o u s e h o ld  
0 .6 %
P a p e r  a n d  c a r d b o a r d  
11.0 %
O th e r  -  h y g in e  p r o d u c ts  
1 .7 %
O th e r  -  T e x t ile s  
1 .3 %
P u tr e s c ib le  -  O r g a n ic  
4 7 .0 %
M e ta l -  F e r r o u s  
2 .6%
M e ta l -  N o n - fe r ro u s  
0 .4 %
O th e r  -  W o o d
P la s t ic  -  F l m
P la s t ic  -  D e n s e
%
Figure 7. WRATE and WET waste streams equivalence for Reading residual waste composition
WET
categories
WRATE categories and 
sub-categories
Original
WRATE
composition
% within 
WRATE 
category
Modified
WRATE
composition
Paper/Cardbo
ard
1 Paper and cardboard 2 1 .0 0 % 1 0 0 .0 0 % 1 1 .0 0 %
1.1 Unspecified paper 0 .0 0 % 0 .0 0 % 0 .0 0 %
1.2 Newspapers 6.42% 30.57% 3.36%
1.3 Magazines 2.58% 12.29% 1.35%
1.4 Recyclable paper 2 .1 0 % 1 0 .0 0 % 1 .1 0 %
1.5 Other paper 3.62% 17.24% 1.90%
1 . 6  Card packaging 5.10% 24.29% 2.67%
1.7 Other card 1.18% 5.62% 0.62%
Plastic
2 Plastic film 2.80% 1 0 0 .0 0 % 4.22%
2.1 Unspecified plastic film 0 .0 0 % 0 .0 0 % 0 .0 0 %
2.2 Bags 1.30% 46.43% 1.96%
2.3 Packaging film 1.30% 46.43% 1.96%
2.4 Other film plastic 0 .2 0 % 7.14% 0.30%
Plastic
3 Dense plastic 4 .50% 1 0 0 .0 0 % 6.78%
3.1 Unspecified dense 
plastic
0 .0 0 % 0 .0 0 % 0 .0 0 %
3.2 Drinks bottles 0 .6 8 % 15.11% 1 .0 2 %
3.3 Other bottles 1 .0 2 % 22.67% 1.54%
3.4 Other packaging 1.50% 33.33% 2.26%
3.5 Other dense plastic 1.30% 28.89% 1.96%
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WET
categories
WRATE categories and 
sub-categories
Original
WRATE
composition
% within 
WRATE 
category
Modified
WRATE
composition
Other
4 Textiles 1.80% 1 0 0 .0 0 % 1.32%
4.1 Unspecified textiles 1.80% 1 0 0 .0 0 % 1.32%
4.2 Artificial textiles 0 .0 0 % 0 .0 0 % 0 .0 0 %
4.3 Natural textiles 0 .0 0 % 0 .0 0 % 0 .0 0 %
Other
5 Absorbent hygine 
products
2.30% 1 0 0 .0 0 % 1.69%
5.1 Unspecified absorbant 
hygiene product
0 .0 0 % 0 .0 0 % 0 .0 0 %
5.2 Disposable nappies 2.30% 1 0 0 .0 0 % 1.69%
5.3 Other (sanpro and 
dressings)
0 .0 0 % 0 .0 0 % 0 .0 0 %
Other
6  Wood 2.80% 1 0 0 .0 0 % 2.06%
6.1 Unspecified wood 2.80% 1 0 0 .0 0 % 2.06%
6.2 Wood packaging 0 .0 0 % 0 .0 0 % 0 .0 0 %
6.3 Non-packaging wood 0 .0 0 % 0 .0 0 % 0 .0 0 %
Other
7 Combustible 7.00% 1 0 0 .0 0 % 5.15%
7.1 Unspecified 
combustibles
0 .0 0 % 0 .0 0 % 0 .0 0 %
7.2 Shoes 0.40% 5.71 % 0.29%
7.3 Carpet/underlay 1.50% 21.43% 1 . 1 0 %
7.4 Furniture 1.50% 21.43% 1 . 1 0 %
7.5 Other combustibles 3.60% 51.43% 2.65%
Other
8  Non-combustibles 8 .0 0 % 1 0 0 .0 0 % 5.88%
8.1 Unspecified non­
combustibles
0 .0 0 % 0 .0 0 % 0 .0 0 %
8.2 Bricks, blocks, plaster 5.20% 65.00% 3.82%
8.3 soil 0 .0 0 % 0 .0 0 % 0 .0 0 %
8.4 inorganic pet litter 0 .0 0 % 0 .0 0 % 0 .0 0 %
8.5 other non­
combustibles
2.80% 35.00% 2.06%
Glass
9 Glass 5.80% 1 0 0 .0 0 % 6 .0 0 %
9.1 Unspecified glass 0 .0 0 % 0 .0 0 % 0 .0 0 %
9.2 Packaging 5.30% 91.38% 5.48%
9.3 Non-packaging glass 0.50% 8.62% 0.52%
9.4 Green bottles 0 .0 0 % 0 .0 0 % 0 .0 0 %
9.5 Clear bottles 0 .0 0 % 0 .0 0 % 0 .0 0 %
9.6 Brown bottles 0 .0 0 % 0 .0 0 % 0 .0 0 %
9.7 Jars 0 .0 0 % 0 .0 0 % 0 .0 0 %
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WET
categories
WRATE categories and 
sub-categories
Original
WRATE
composition
% within 
WRATE 
category
Modified
WRATE
composition
10 Organic 30.52% 1 0 0 .0 0 % 47.00%
10.1 Unspecified organic 0 .0 0 % 0 .0 0 % 0 .0 0 %
10.2 Garden waste 13.76% 45.09% 21.19%
Putrescible 10.3 Food waste 16.76% 54.91% 25.81 %
10.4 Organic pet 
bedding/litter
0 .0 0 % 0 .0 0 % 0 .0 0 %
10.5 other organics 0 .0 0 % 0 .0 0 % 0 .0 0 %
11 Ferrous metal 4.67% 1 0 0 .0 0 % 2.56%
Metal
11.1 Unspecified ferrous 
metal
0 .0 0 % 0 .0 0 % 0 .0 0 %
11.2 Food and drink cans 1.70% 36.40% 0.93%
11.3 Other ferrous metals 2.97% 63.60% 1.63%
12 Non-ferrous metals 0.80% 1 0 0 .0 0 % 0.44%
Metal
12.1 Unspecified non- 
ferrous metals
0 .0 0 % 0 .0 0 % 0 .0 0 %
12.2 Drinks cans 0.30% 37.50% 0.16%
12.3 Foil 0 .0 0 % 0 .0 0 % 0 .0 0 %
12.4 Other non-ferrous 0.50% 62.50% 0.27%
13 Fine material <10 mm 5.20% 1 0 0 .0 0 % 3.82%
Other 13.1 Unspecified Fine 
material < 1 0  mm
5.20% 1 0 0 .0 0 % 3.82%
14 Waste Electrial and 
electronic equipment 2 .0 0 %
1 0 0 .0 0 % 1.47%
14.1 Unspecified WEEE 0 .0 0 % 0 .0 0 % 0 .0 0 %
14.2 White goods 0.80% 40.00% 0.59%
Other 14.3 Large electronic 
goods excluding cat. 14.4 0 .2 0 % 1 0 .0 0 % 0.15%
14.4 CRT TVs and 
monitors
0.30% 15.00% 0 .2 2 %
14.5 Other WEEE 0.70% 35.00% 0.51 %
15 Specific Hazardous 
household
0.81 % 1 0 0 .0 0 % 0.60%
15.1 Unspecified 
hazardous household
0 .0 0 % 0 .0 0 % 0 .0 0 %
Other
15.2 batteries 0 .2 1 % 25.93% 0.15%
15.3 clinical waste 0 .2 0 % 24.69% 0.15%
15.4 paint/varnish 0.15% 18.52% 0 .1 1 %
15.5 oil 0 .1 0 % 12.35% 0.07%
15.6 garden herbicides & 
pesticides
0.15% 18.52% 0 . 1 1 %
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WET
categories
WRATE categories and 
sub-categories
Original
WRATE
composition
% within 
WRATE 
category
Modified
WRATE
composition
Other 16 Processed materials 0 .0 0 % 0 .0 0 %
Other 17 Non-M SW 0 .0 0 % 0 .0 0 %
Table 4. WRATE and WET waste stream correspondence for residual MSW.
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A p p e n d i x  V I I .  E c o n o m i c  m o d e l  d e s c r i p t i o n
This section contains the complete databases used in the economic model as well as 
the description of the best line fitting and the information on the distribution of the 
inputs used in the Monte Carlo analysis.
ECONOMIC MODEL DATABASES
See next page
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BEST LINE FIT
The least squares fitting technique has been used to create the best fit lines for the capital 
costs and the gate fees in the economic model.
This method minimizes the sum of the squares of the distances of the points from the curve. In 
both cases considered, the curve has been assumed that the best-fit line will be best 
represented by (Eq. 1), where a and b are coefficients to be determined.
y = a-x (Eq. 1)
Gate fees in £ per tonne can be represented by this type of equation with b<0 whereas total 
capital costs, i.e. not per tonne, can be represented with b< 1
This assumption complicates the calculation of the best fit line because it is not a linear or 
polynomial equation; therefore, the equation was transformed into a lineal equation using 
logarithms.
LN{y) = n + m- LN{  %)
The n and m coefficient can be calculated with the Microsoft Excel functions:
m= SLOPE(y,x) = 0.67 
n= INTERCEPT(y,x) = -4.673
(Eq. 2 )
AD Capital cost vs throughput
50000 100000 150000 200000
Plant throughput in tpa
Transformed AD Capital cost vs throughput
y = 0 .6 7 x -4.6763
Transformed Plant throughput in tpa 
LN(X)
Then, the capital cost, i.e. y = , for any plant capacity, i.e. x = e_  L N ( x ) can be calculated.
The confidence intervals are calculated based on Weisstein^ and using the Microsoft Excel 
functions COUNT(x), STEYX(y,x), AVERAGE(x), DEVSQ(x) and TINV(0.05,n-2)
Number of Observations, 
Standard error in estimate.
Average of x values.
Standard deviation of estimations
I = COUNT(x) = 23 
s = STEYX(y,x) = 0.541074185
jc = AVERAGE(x) = 10.70529508
std^ =  - x f  = DEVSQ(x) = 19.74898631
/=i
t-value of the Student's t-distribution t= TINV(0.05,l-2) = 2.079613837
 ^ Weisstein, E. W. (2009). "Least square fitting." from 
http://mathworld.wolfram.com/LeastSquaresFittinq.html.
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Finally, the confidence interval, i.e. Cl, is calculated as:
C/ = r - s J - + - ^
I std^
(Eq. 3)
The confidence interval is calculated for the LN(y) and LN(x) therefore, the confidence intervals 
for any given plant capacity x are given calculated with the best fit line value plus or minus the 
logarithm of the above confidence interval.
n + m L N { x )  _  ,  ii+m-LN{ x) ,  n+m-LN(x)  , LN(CI) (Eq. 4)
In practice the capital cost and gate fees cannot be negative; hence, even if mathematically the 
value is negative, the model considers the value as zero.
Anaerobic Digestion capital costs
80
70
60
50
40
30
20
10
0
2 5 0 0 0 01 5 0 0 0 0 2000001000005 0 0 0 00
Throughput capacity (tonnes)
4  Actual capita l co st —
- —  U p p e r co nfiden ce interval —
—  E stim ated  cap ita l cost
—  L o w er co nficence interval
DISTRIBUTION INPUTS USED IN THE MONTE CARLO SENSITIVITY 
ANALYSIS
N am e Exam ple graph Function Min M ean  M ax
C apex
Zw-n Z€ti
R iskN orm al(B 13 1 ,6 1 3 1 /  
10,R iskN am e("C apex"))
This param eter depen d s  on 
the  technology selected .
C V
R iskTriang (E 65,D 65,F65 ,
R iskS tatic (D 65),R iskN am
e(A65))
This param eter d epen d s  on 
the  technology selected .
Putrescib le
Z.14 Z.ZZ RiskTriang(E 6 6 ,D 6 6 ,F 6 6 , 
R iskStatic(D 6 6 ), R iskN am  
e(A 6 6 ))
This param eter depen d s  on  
the  technology se lected .
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Digestion
efficiency
O .P i 0 .90
T RiskTriang(E70,D70,F70, 
RiskStatic(D70),RiskNam 
e(A70))
This parameter depends on 
the technology selected.
Thermal
efficiency
0 .35  J k  0 .65
T  ▼ RiskIriang(E72,D72,F72, 
RiskStatic(D72), RiskNam 
e(A72))
This parameter depends on 
the technology selected.
Electric
efficiency
0 .16  ^  0 .34 RiskTriang(E73,D73,F73, 
RiskStatic(D73), RiskNam 
e(A73))
This parameter depends on 
the technology selected.
Parasitic
thermai
load
0 .15  .  0 .45 RiskTriang(E74,D74,F74, 
RiskStatic(D74), RiskNam 
e(A74))
This parameter depends on 
the technology selected.
Parasitic
electric
load
0 .065  -  0 .115
T  ▼ RiskTriang(E75,D75,F75, 
RiskStatio(D75), RiskNam 
e(A75))
This parameter depends on 
the technology selected.
Recyclable
metal
RiskTriang(E78,D78,F78, 
RiskStatic(D78),RiskNam 
e(A78))
This parameter depends on 
the technology selected.
Digestate
0 .25  J k  0 .65 RiskTriang(E79,D79,F79, 
RiskStatic(D79), RiskNam 
e(A79))
This parameter depends on 
the technology seleoted.
Landfill
0 .0 4  _  0 .16 RiskTriang(E80,D80,F80, 
RiskStatic(D80), RiskNam 
e(A80))
This parameter depends on 
the technology selected.
Hazardous
landfill
RiskTriang(E81 ,D81 ,F81, 
RiskStatic(D81),RiskNam 
e(A81))
This parameter depends on 
the technology selected.
Employee
ratio
0.0 ▲  0.6 RiskTriang(E86,D86,F86, 
RiskStatic(D86),RiskNam 
e(A86))
This parameter depends on 
the technology selected.
Plant
throughput
110k 193k RiskNormal(B18,B18/10, 
RiskStatic(B18), RiskNam 
e("Plant throughput"))
This parameter depends on 
the technology selected.
Transport
distance
0 V  110 RiskTriang(E2,D2,F2,Ris 
kStatic(D2),RiskName("T 
ransport distance"))
- 43.3 +
Discount
factor
4 5 tr5  J Ê Ê ^  75ths RiskNormal(0.06,0.006,R 
iskStatic(0.06),RiskName 
(A10))
- 0.06 +
Additional 
opex due 
to DM
-0 .0 2  A , 0 .14  
* RiskNormal(D17,0.024,Ri 
skIruncate(0,),RiskStatic 
(0.08),RiskName("Additio
- 0.08 +
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nal opex due to DH"))
Plant
uptime
7 . 4 k  E . s k RiskNormal(8000,500,Ri 
skTruncate(E19,F19),Ris 
kStatic(8000),RiskName( 
"Plant uptime"))
- 8000 +
Simulation
parameter
RiskSimtable({1,2,3,4,5,6 
,7 ,8})
This parameter is a switch 
that allows to select different 
simuiations.
Renewable
heat
incentive
0 .5  ,  3 .5
T  1 T  
1 1 1
RiskDiscrete({1,2,3),{0.2
5,0.5,0.25},RiskName(A2
3))
1 2 3
Renewable
electricity
incentive
(ROC)
0 .5  _ 3 .5
T I T  
1 1 1 RiskDiscrete((1,2,3},{0.2 5,0.5,0.25},RiskName(A2 
4))
1 2 3
COL
eiectricity
exemption
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A2 
5))
1 2 3
Mixed
Packaging
Recovery
Notice
(PRN)
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2
5,0.5,0.25},RiskName(A2
6))
1 2 3
Electricity 
retail price
0 .5  _ 3 .5
■ |  1 r
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName("EI 
ectricity retail price"))
1 2 3
Electricity
wholesale
price
0 .5  -  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName("EI 
ectricity whoiesaie 
price"))
1 2 3
Heat retaii 
price
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName("H 
eat retaii price"))
1 2 3
Heat
wholesale
price
0 .5  _ 3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName("H 
eat wholesale price"))
1 2 3
Recyclable
metals
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A3 
5))
1 2 3
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Digestate
0 .5  _ 3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A3 
6))
1 2 3
Bottom
ash
0 .5  _ 3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A3 
7))
1 2 3
Gate fee
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A3 
9))
1 2 3
Landfill tax
0 .5  _ 3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A4 
3))
1 2 3
Non-
hazardous
0 .5  3 .5
T  ▼ 
1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A4 
4))
1 2 3
Hazardous
0 .5  .  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2
5,0.5,0.25},RiskName(A4
5))
1 2 3
Salary
0 .5  _ 3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A4 
7))
1 2 3
Overheads
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A4 
9))
1 2 3
Insurance
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A5 
0))
1 2 3
Maintenan
ce
0 .5  -  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A5 
2))
1 2 3
ConsumabI
es+vehicle
s
0 .5  -  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2 
5,0.5,0.25},RiskName(A5 
4))
1 2 3
Transport
0 .5  ,  3 .5  
1 1 1
RiskDiscrete({1,2,3},{0.2
5,0.5,0.25},RiskName(A5
6))
1 2 3
AD Gate 
fee
20 a  45
RiskNormal(C56,C56/10, 
RiskT runcate(C57,C58), 
RiskName("AD Gate 
fee"))
- 35.99 +
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Incineratio 
n Gate fee
35 A  93 RiskNormai(G61,C61/10, 
RiskTruncate(G62,G63), 
RiskName(" Incineration 
Gate fee"))
- 62.78 +
Gasificatio 
n Gate fee
25 A  €5
T  T
RiskNormai(G66,G66/10, 
RiskTruncate(G67,G68), 
RiskName("Gasification 
Gate fee"))
- 48.75 +
Pyrolysis 
Gate fee
25 *  65
RiskNormal(G71 ,G71/10, 
RiskTruncate(G72,G73), 
RiskName(" Pyrolysis 
Gate fee"))
- 48.75 +
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Appendix VIII. Environmental processes description
This appendix describes the processes from the WRATE database have been used to 
model the different scenarios in the environmentai anaiysis section.
1 Common processes
1.1 Wheeliebins
This process models the storage of waste in 140 iitre wheelie bins that are used as 
containers for the temporary storage of the waste before it is coliected at the kerbside. 
They are made of virgin materials and have a lifespan of 13 years.
1.2 Refuse collection vehicles
This process modeis the coilection of waste by refuse coliection vehicies (RCV), an 
exampie of which is shown in Figure 1, with a 6x4 chassis using uitra low sulphur 
diesel as fuel in a 9 iitres engine and with a body of 23 m  ^ ioading capacity with a 
compactor. The average load, around 13 tonnes for the selected vehicle, is the weight 
that each RCV can carry; it is used to work out the number of required trips per year. It 
has been assumed that the vehicles travel an average distance of 100 km in each 
coliection round divided equally between urban/rural/motorway roads (although the 
distance and the distribution could be customized). Finally, ROVs are assumed to 
have a life span of 200,000 km.
EngD Dissertation Volume II Page 100
Transport Properties I inputs j External Managemert |
Transport Name 
Synon^ 'm
User Entered Name 
Year of the data 
Life Span [km]
Max capac*)' (Mass) fonnesj |12 842 
Max capacï)' (Volume) [I]
Mass (Empty) formes]
Mass (FuB) fonnes]
6X4 RCV Reet - Biodiesel (12114)
I Refuse colleotion vehicle (Biodiesel fuel) 
I RCV to treatment
(2004 Data quality indicator |
I2OOOOO
|24500
|13.15S
Process Description
Fuel Type
Cumulative Distance Data 
Distance A to B fon/trip] 
CumuWive distance 
(km/year]
Urban (%)
m  Rural f/*)
Motomay (%)
I Biodiesel
| 3 T
[IT
134
10000
Cancel YppI Advanced Restrictions Help
Figure 1. Refuse collection vehicle properties in WRATE (Environment Agency et a!., 2007).
1.3 Landfill
W R A TE  incorporates six different types of iandfili p rocesses depend ing  on the liner 
and cap  m aterials they use: engineered clay, H O PE com posite  or dense asphaltic  
concrete . Usually, the landfill barriers are m ad e  of a  com bination of these  m aterials  
because of legislative requirem ents (M arshall, 2004 ). All scenarios in this research use 
the  landfill process that uses H D R E in the liner and cap  (cf. Figure 2). A  lifespan of 20  
years is exp ected . T he  leachate  and gaseous em issions from  the landfill are m odelled  
with the results of the LandSim  2 .5  and G asS im  1.5 so ftw are, by G o lder A ssociates, 
that are incorporated in W R A TE . The G asS im  softw are assum es that 9 0 %  of the  
landfill gas is captured  and used as fuel in as m any m odular electric generators  of 
I M W e  as necessary, with the rest of the  landfill gas captured  being flared . This  
electricity displaces m arginal electricity and hence represents an avoided burden.
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Figure 2. HPDE liner in landfill (Iraqswm, 2007)
1.4 Mechanical Biological Treatment (MBT) plant
Gasification and pyrolysis plants typically use R DF that is a  better feedstock  for them  
because of its m ore hom ogeneous com position, Therefore, a  M B T  plant is required to  
pre-process residual w aste  to  produce RDF. These M B T  plants are m odelled in the  
different scenarios with a  process representing the dry stabilisation of w aste  in a  
generic M B T  plant w ith a  lifespan of 20  years. These generic M B T  plants can produce  
R DF for the therm al trea tm en t plants whilst the  by-p roducts  are sent to recycling as 
show n in Figure 3.
T®r V
*  [  n t J tT iç iX V  jH *  ~ ]  i
Figure 3. Generic MBT dry/stabilisation process mass flow (Environment Agency et al., 2007)
1.5 Bottom ash recycling
Incinerator bottom  ash (IBA) produced by therm al trea tm en t plants is usually treated  in 
specialised plants. Ballast Phoenix Ltd. (2009) is the leading com pany in the UK w ith  
five operational facilities. They produce I BA ag gregate  that is accep ted  as a  
rep lacem ent for the m ajority of prim ary aggregates by both UK and European
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standards. This aggregate replacement is used mainly in asphalt and concrete 
manufacture as well as for road sub-bases (Ballast Phoenix Ltd., 2009). The WRAP 
protocol on I BA (WRAP, 2008) has streamlined and eased the legislative aspects of 
I BA recycling. WRATE assumes that one tonne of primary aggregate is substituted by 
the same amount of I BA aggregate in the background system and therefore it has 
associated avoided burdens. The process used in the scenarios to model bottom ash 
recycling does not have the capacity of recovering metals because it is assumed that 
most metals have been removed previously.
Figure 4. Bottom ash processing facility (Environment Agency et al., 2007)
1 .6  R e c y c l in g  fa c i l i t ie s
Ferrous and non-ferrous metals, glass, paper, dense and film plastics recycling 
processes are incorporated in most of the WRATE scenarios. Materials that go to 
these recycling facilities are assumed to replace the same amount of virgin materials, 
e.g. one tonne of ferrous scrap is assumed to replace one tonne of iron, and therefore 
they have associated avoided burdens.
1 .7  C o m p o s t  u s e
Digestate from AD plants is usually designated “compost-like output” (CLO). It is 
represented in WRATE by different processes depending on the digestate quality 
according to upper limits of potentially toxic elements. For example, the PAS 100 
protocol is a specification for composted materials developed by WRAP and the 
Composting Association, whereas APEX is another protocol for collecting and 
composting green waste established by waste companies Veolia, SITA UK and 
Cleanaway and distributed by Freeland Horticulture. Compost can be used as soil 
improver, mulch, growing media, etc. and the avoided burdens are based on which 
type of CLO they displace in the background system.
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2 Thermal treatment processes
2 .1  G a s if ic a t io n  w i th o u t  C H P : N o v a ra  p r o c e s s
This gasification process uses design data for a Novera facility, a model of which is 
shown in Figure 5, with a capacity of 105,000 tpa of a “floc-like” RDF with a high CV. 
From data gathered in 2005, it was estimated that such a facility could produce 
around 13 MWg and have a lifespan of 20 years. Because of its capacity, this process 
will be used to model large-scale plants, i.e. above 100,000 tpa.
Figure 5. Planned Novera gasification facility (Environment Agency et al., 2007)
The plant itself consists of different stages: material handling, gasification, synthesis 
gas (syngas) treatment, char removal, heat recovery unit, wet scrubbing and power 
generation.
In the thermal scenarios, this gasification process’ inputs come from a MBT pre­
treatment process and its by-products, in the form of bottom ash, are sent to a 
bottom ash recovery process.
2 .2  G a s if ic a t io n  w ith  C H P : N o v e ra -b a s e d  p r o c e s s
This process is based on the Novera gasification plant without CHP described in 
section 2.1; hence it will be used to model large gasification plants with a capacity 
above 100,000 tpa of “floc-like” RDF. This process has been customised with the 
equations described in volume I to represent gasification plants that generate 
electricity and export heat to nearby industrial processes or district heating schemes 
(Energos, 2007).
Being a CHP plant it is assumed that heat generated is used nearby and the 
environmental impacts of installing the district heating infrastructure are excluded. No 
other modification has been made to the process, so the feedstock source and the 
bottom ash destination are still the same.
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2 .3  G a s if ic a t io n  w i th o u t  C H P : E n e rg o s  p r o c e s s
This process uses data gathered in 2003 from the Energos facilities operating in 
Scandinavia and Germany and the facility on the Isle of Wight, then proposed and in 
operation since November 2008 (DEFRA, 2008). The process represents a plant with a 
capacity of 39,000 tpa of “floc-like” RDF and estimated economic lifetime of 20 years. 
Because of its capacity, this process will be used to model small-scale plants, i.e. 
between 30,000 tpa and 100,000 tpa.
The Energos plant has some silos to store the received feedstock before processing it 
in two chambers in series. In the first, syngas is produced and in the second, it is 
burned. The heat recovery steam generator extracts energy from the hot gases to 
generate electricity and the cooled gases are passed to the flue gas cleaning system. 
All these operations are controlled by a proprietary monitoring system.
Unlike the Novera gasification plant, around one third of the ash generated in the 
Energos process is air pollution control residue. In the scenarios, this fraction is sent 
to a landfill process whereas the other two thirds are sent to a bottom ash recovery 
process.
2 .4  G a s if ic a t io n  w i th  C H P : E n e rg o s - b a s e d  p r o c e s s
The equations described in volume I have been added to the equations of the Energos 
process described in section 2.3 to simulate that, in addition to electricity, the plant 
represented by the process will generate heat to supply local demand. This process 
will be used to model small scale CHP gasification plants, i.e. less than 100,000 tpa 
capacity.
The mass balance is unchanged from that of the Novera process; hence in the 
scenarios, the feedstock is sourced from a MBT process whereas the by-products are 
sent to processes representing a landfill and a bottom ash recycling plant.
2 .5  In c in e r a t io n  w i th o u t  C H P : B i i l in g h a m  p la n t
Data from the Biilingham plant has been used to create a process in WRATE 
representing a power-only, large-scale incineration plant. This process will be better 
suited to model plants with capacities between 200,000 tpa and 400,000 tpa. The 
process is based on data gathered in 2004 from the Biilingham plant that has a 
lifespan of 25 years and a capacity of 216,000 tpa of un-processed residual C&l and 
MSW and generates around 20 MW^. The SELCHP plant in London, shown in Figure 
6, was visited in April 2008 as a representative of this type of technology.
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Figure 6. Control panel at SELCHP incineration plant in London
The technology represented by this process comprises a tipping hall from where 
residual waste is tipped in the bunker by RCV. Then waste is forced into a moving 
grate mass burn unit where it burns when mixed with injected air before the ash is 
quenched. The energy from the hot gases is extracted in a boiler that produces steam 
to drive a turbine that generates electricity. The flue gases are then cleaned of 
contaminants by spraying lime slurry and carbon before passing through bag filters. 
They are then exhausted through a stack where monitoring equipment checks for 
levels of contaminants to ensure that they remain below permitted limits. The bottom 
ash and air pollution control residues, i.e. fly ash, are generated in a proportion of 
roughly 10 to 1, with the former sent to a suitable recycling facility whilst fly ash is 
disposed of in a landfill.
2 .6  In c in e r a t io n  w ith  C H P : C o v e n t r y  p ia n t
Data from the Coventry CHP incinerator was used to create a process to represent 
this type of plants in WRATE. The information for the process was gathered from the 
plant in 2003 and revised in 2006. The plant has an expected lifespan of 50 years and 
treats 213,000 tpa of, predominantly, unsorted municipal residual waste. Because of 
its similar size to Biilingham plus its capacity to export heat, this process will be used 
as the basis for modelling large CHP incinerator plants with waste throughputs above
200,000 tpa. A plant of this type was visited in November 2008 in Brescia (Italy) and 
the external view is shown in Figure 7.
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Figure 7. Incineration with CHP plant in Brescia (Italy)
The plant configuration is very similar to Biilingham, described in section 2.5, apart 
from some internal aspects such as the grate and the use of dry rather than wet 
scrubbers. There are also some differences in the energy generation systems because 
there are two turbines and because of the hot water generation and distribution 
equipment. This hot water is used nearby, in the case of Coventry in a factory and in 
the case of Brescia for district heating, as is intended to happen with the other EfW 
CHP plants. Nonetheless, some problems were identified during the peer-review 
process concerning heat data and therefore, the process in WRATE currently uses an 
average estimate figure to represent the amount of heat exported until further data 
become available.
Similarly to the process used to model incineration without CHP, the input is non­
segregated residual waste whilst the by-products are bottom and fly ash but this time 
in a proportion of 1 to 5. In the scenarios, these by-products are sent respectively to 
processes representing a bottom ash recovery facility and a landfill.
2 .7  In c in e r a t io n  w i th o u t  C H P : C h in e h a m  p la n t
Data gathered in 2004 and 2005 from the 90,000 tpa incineration facility at Chineham 
(UK) was used to create a process in WRATE to model power-only incineration 
facilities, and in particular in this research to model plants with capacities between
60,000 tpa and 200,000 tpa. The plant lifetime of the Chineham plant is estimated as 
20 years and the power output is rated at 8 MWg.
The plant components are very similar to those described in section 2.5 as both plants 
are moving grate designs. The plant input is residual waste and the outputs are 
bottom and fly ash in a proportion of roughly 10 to 1. In the WRATE scenarios, these 
by-products are sent to processes representing a recycling facility and a landfill 
respectively.
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2 .8  In c in e r a t io n  w i th  C H P : G r im s b y  p la n t
The Grimsby (UK) rotary kiln incinerator was used to create a process in WRATE to 
represent small-scale CHP incineration plants. In this research, that process is used to 
model CHP incinerators with capacities between 60,000 tpa and 200,000 tpa. The 
Grimsby plant can treat 56,000 tpa of waste during an estimated economic plant 
lifetime of 25 years. The operational data used for the model were collected in 2004 
and revised in 2006. The plant generates approximately 3MWe whilst also produces 
hot water.
As opposed to the more conventional moving grate plants, the Grimsby plant is a 
conical oscillating kiln where proper combustion is ensured by a controlled supply of 
primary and secondary air. Moreover, NOx and dioxin formation are prevented by urea 
injection and carefully control of the temperature in the kiln. Ferrous metals are 
recovered from the bottom ash before it is sent for reuse. The hot gases are used to 
raise steam that generates electricity using a turbine and to heat water in a closed 
loop system that is used to export the heat to an adjacent chemical plant. The gas 
clean-up equipment is similar to the other incinerator plants with scrubbers and gas 
filters.
Despite using a different technology, the mass input and output arrangements are the 
same as for the other incineration processes, with the recovered ferrous metals going 
to a recycling process and the bottom ash being disposed of to a landfill.
2 .9  P y r o ly s is  w i th o u t  C H P : C o m p a c t  P o w e r  p ia n t
Design data for the proposed pyrolysis plant without CHP of Compact Power, that 
adopted recently the name of its buyer company Ethos Energy, at Avonmouth (UK) 
have been used to create a process in WRATE to represent small scale pyrolysis 
plants. A smaller pilot plant, visited on November 2008 (of. Figure 8), has been 
operating at the same location, mostly treating hazardous hospital waste and testing 
the technology with several feedstocks. Design technical data for the WRATE process 
were gathered in 2002/03 and further reviewed in 2006 for a plant with a capacity of
30.000 tpa of homogeneous RDF with a CV of around 12 MJ/kg. This process has 
been used to model small-scale pyrolysis plants with capacities between 30,000 and
60.000 tpa.
In the pilot plant, waste is fed through two rotary screws that force waste into the 
pyrolysis tubes that are externally heated by hot gases produced later in the process. 
A solid char and ash leave the tubes together with a synthesis gas (syngas) containing 
almost no tars. The char is then gasified to generate additional syngas and the 
residues are quenched and stored before disposal. The syngas is then fully oxidised to 
raise steam, with part of it used to heat the pyrolysis tubes. Depending on the design, 
either hot water or steam can be generated. Controlled temperatures and accurate 
combustion prevent formation of contaminants; nonetheless, a Venturi scrubber and a 
bag filter clean up the gases before they are exhausted.
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The preferred plant input is RDF and, as in other processes, bottom and fly ash are 
produced and sent to recycling and disposal processes respectively. Their proportion 
is roughly 4 to 1.
r  . ' T IT 1''
Figure 8. Compact Power demonstration pyrolysis facility
2 .1 0 P y r o ly s is  w ith  C H P : C o m p a c t  P o w e r -b a s e d  p la n t
The existing Compact Power process in the WRATE database has been customised 
with the equations described in volume I to create a new process to represent a 
pyrolysis CHP plant. This new process will be used to represent small CHP pyrolysis 
plants with capacities between 30,000 tpa and 60,000 tpa.
As discussed in section 2.7, the new process allows representing a plant that 
generates electricity as well as heat that can be exported either as steam or as hot 
water depending on the plant design. Actually, the demonstration plant exports some 
heat to a nearby waste autoclave. No further modifications are made to the original 
process; hence the required input and the treatment and disposal of the by-products 
remain unchanged from those described in section 2.9.
2 .1 1  P y r o ly s is  w i th o u t  C H P : W a s te g e n  p la n t
Another of the pyrolysis technologies represented by a process in the WRATE 
database is the Wastegen plant in Burgau (Germany) that was created with data 
gathered in 2004. This plant has a capacity of 35,000 tpa and an estimated economic 
lifespan of 20 years. This process will be used to model in the different scenarios large 
pyrolysis plants with capacities above 60,000 tpa.
In the plant, the waste that arrives at the plant is shredded and mixed with sewage 
sludge and lime and fed into two rotary kiln type pyrolysis tubes. The temperature
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inside the tubes is maintained at approximately 450 to 470 °C using the combustion 
gases produced later in the process. The average waste residence time is one hour. 
The solid residues from the pyrolysis are quenched. A magnet separates ferrous 
metals for recycling, with the remaining residues stored before disposal. Pyrolysis gas 
is cleaned in two cyclones before being burned. The homogeneous composition of the 
pyrolysis gas means that after being fully oxidised to extract its energy the only 
necessary clean-up equipment is a wet scrubber and a bag filter. Some hot gases are 
re-circulated to heat the pyrolysis tubes whereas the rest is used to raise steam and 
generate electricity.
A small fraction of the plant residues, approximately 5%, needs to be disposed to 
landfill whereas the remaining residues from the plant can be recycled in a bottom ash 
recycling plant.
2 .1 2  P y r o ly s is  w i th  C H P : W a s te g e n -b a s e d  p la n t
The existing Wastegen plant does not export heat. However, this is technically 
possible and the original Wastegen process in the WRATE database has been 
customised with the equations described in volume I to represent a pyrolysis CHP 
plant. No modifications have been made to any of the mass flows; hence the input 
and outputs remain the same as described in section 2.11.
This modified process will be used as the basis for modelling large pyrolysis plants, 
i.e. with capacities above 60,000 tpa, that can export heat.
3 Biological treatment processes
3 .1  A n a e r o b ic  d ig e s t io n  w i th o u t  C H P : D r a n c o  p r o c e s s
This AD process is based on the DRANCO technology that is marketed by OWS. In 
particular, the process in the WRATE database uses information gathered in 2004 and 
reviewed in 2006 from a 51,000 tpa facility located in Belgium and in operation since 
2000. The plant is expected to have an economic lifetime of 20 years. This process 
will be used in this research as the basis for modelling large AD power-only plants 
with capacities above 60,000 tpa.
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Figure 9. Anaerobic digestion facility using the DRANCO process (Environment Agency et al., 2007)
The plant comprises waste reception and pre-treatment, basically screening, particle 
reduction and maceration, followed by a dry thermophilic AD process that takes place 
in a deep tank. From the bottom of the tank, the digestate is transported to a 
dewatering and refining area where most of the liquid fraction is recovered and re­
circulated. The dewatered digestate is then further composted aerobically in windrows 
for two to three weeks. The biogas produced is collected from the top of the tank and 
used in a CHP engine after some purification. The electricity is exported to the grid 
whilst the heat is used to maintain the AD tank temperature.
The digestate does not conform to any particular standard; hence from the AD 
process, digestate is sent to another process that represents the displacement of 
“other compost” according to the WRATE definition from the background system.
3 .2  A n a e r o b ic  d ig e s t io n  w i th  C H P : D r a n c o -b a s e d  p r o c e s s
A process to represent this type of technology does not exist in the default WRATE 
database; hence it was created as a “user-defined process” using the DRANCO 
process described in section 3.1 as a base. This modified process will be used to 
model large AD power-only plants with capacities above 60,000 tpa. The original 
model has been modified with as described in volume I but the remaining properties of 
the process have not been changed; hence, the source of the feedstock and the 
compost quality remains the same. The original plant used the biogas as fuel in a CHP 
unit although the heat generated was used internally. However, spare heat could be 
distributed to supply local demand, as has been proposed in other AD plants like the 
Greenfinch plant in Ludlow (of. section 3.7).
3 .3  A n a e r o b ic  d ig e s t io n  w i th o u t  C H P : L in d e  p r o c e s s
The process included in the WRATE database to represent the Linde AD technology 
uses information gathered in 2005 from a generic 38,000 tpa facility with an economic 
life time of 20 years. This process will be used in this research for modelling large
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scale AD plants without CHP, similar to the DRANCO process described in section 
3.2.
The generic plant has a reception area for the source-segregated putrescible waste 
whose particle size is reduced in two parallel screw mills and from which ferrous 
metals are separated. Waste is then introduced in pre-composting units where it is 
aerated for two to three days before it is finally passed to the main plug-flow 
anaerobic digesters. Biogas is produced by thermophilic bacteria during 25 days 
before the digestate is discharged and left for maturation in a composting module for 
another two weeks. Part of the liquor generated in the AD process is recirculated, with 
the rest being sold as liquid fertiliser. The biogas produced is used in a CHP unit. The 
plant is completed with a gas holder and a flare.
As in the DRANCO process, the digestate of the Linde process does not conform to 
any particular standard; hence, it is sent to a process that represents “other compost” 
production according to the WRATE definition.
3 .4  A n a e r o b ic  d ig e s t io n  w ith  C H P : L in d e - b a s e d  p r o c e s s
The original equations in the Linde process described in section 3.3 have been 
modified as described in volume I to represent an AD plant with the capacity of 
exporting heat as well as electricity. This customised process can be used to 
represent large scale AD plants with CHP, i.e. annual throughput between 60,000 and
400.000 tpa, similar to the modified DRANCO process described in section 3.2. No 
further modifications were made in the process; hence the mass input and output 
flows remain the same.
3 .5  A n a e r o b ic  d ig e s t io n  w i th o u t  C H P : C a m b i p r o c e s s
The Cambi AD technology was used to create one of the processes included in the 
WRATE database. The process representing this technology will be used in this 
research to model small scale AD processes without CHP with capacities between
5.000 tpa and 60,000 tpa. The process uses data gathered from a plant 
commissioned in 2000 in Lillehammer with a capacity of 14,000 tpa and a life 
expectancy of 20 years.
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Figure 10. Anaerobic digestion facility using the Cambi process (Environment Agency et al., 2007)
In the Cambi technology, waste passes through a pre-treatment stage followed by a 
thermal hydrolysis step, before entering the actual AD process that includes clean up 
equipment for the biogas and the foul liquid effluents. The pre-processing section is 
intended to achieve a homogeneous particle size, remove metals and contaminants 
and adjust the dry solid content. The thermal hydrolysis process is used to enhance 
biogas production in the later stage. A low solid content slurry undergoes mesophilic 
digestion releasing the biogas used to power three CHP engines. The digestate is 
de watered before being sold as fertiliser whilst the liquid fraction is re-circulated in the 
process.
Around one third of the compost produced complies with the PAS 100 quality 
standard but the remaining fraction does not achieve any standard and is classified in 
WRATE as “other compost”. To model this, the Cambi process is linked in the 
different scenarios to two other processes representing the PAS 100 and “other 
compost” avoided burdens.
3 .6  A n a e r o b ic  d ig e s t io n  w ith  C H P : C a m b i-b a s e d  p r o c e s s
The Cambi process included in the WRATE database does not incorporate the 
possibility of exporting heat. However, in the actual plant, the biogas generated is 
used in a CHP engine with only a fraction of the heat being used internally in the plant 
and the rest being dumped. Therefore, is would be technically feasible to harness that 
heat and export it nearby through a DH scheme. In order to model this possibility, a 
customised process has been created modifying the Cambi process described in 
section 3.5 with the equations described in volume I to model the possibility of 
exporting the surplus heat. This modified process can be used to model small scale 
AD plants at the same scales defined in section 3.5.
No additional changes have been made to the process; hence, the mass input and 
output flows of the original Cambi process remain the same in the modified process.
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3 .7  A n a e r o b ic  d ig e s t io n  w ith  C H P : G re e n f in c h  p r o c e s s
The Greenfinch plant is a 5,000 tpa small plant (cf. Figure 11) situated in Ludlow (UK) 
that has been sponsored by DEFRA’s Waste Demonstration Programme. It was visited 
in December 2006 shortly after it was built. The plant is designed with an economic 
lifespan of 15 years to treat green and kitchen waste segregated at source. The 
WRATE process database includes a process representing this type of AD technology 
using data from the initial operating days in 2006. In this research, this process will be 
used to model small AD plants, i.e. with capacities between 5,000 and 60,000 tpa and 
that can export heat and electricity.
Figure 11. Greenfinch AD plant in Ludlow.
The Greenfinch plant has an enclosed waste reception area where waste is stored 
before being fed to a shredder and then to a mixing tank that homogenizes the 
feedstock. A mesophilic digestion process takes place for around 20 days in an 800 
m  ^ tank before the digestate is pasteurized for ninety minutes at 70 °C. The biogas 
generated in the process is collected in a buffer tank from where the CHP engine is 
fed. The electricity produced is sold to the grid whereas the heat not used to maintain 
the digester temperature can be sold to nearby users. Unfortunately, there is no 
demand for this heat yet; therefore, the heat generation data used in the process are 
estimations rather than actual data from the plant.
Similar to the other AD processes, the digestate produced does not conform to any 
standard so it is considered “other compost” according to the WRATE definition.
3 .8  A n a e r o b ic  
p r o c e s s
d ig e s t io n  w i th o u t  C H P : G re e n f in c h - b a s e d
The WRATE process of the Greenfinch AD plant incorporate the possibility of 
exporting heat. This is the opposite situation to all the other AD technologies where 
the WRATE process did not allow exporting heat. Therefore, in this case, the
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Greenfinch process needs to be modified to create a “power only” process. This 
customised process could be used to model electricity-only small scale AD plants, 
similarly to the Cambi process (cf. section 3.5)
The first change to the original process described in section 3.7 consists of making 
the changes described in volume I. No further modifications are made; hence the 
mass flow remain the same.
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Appendix IX. Environmental model information and 
result
This appendix contains the information on the environmental model and the generic 
results discussed in the dissertation
B a c k g r o u n d  s y s te m  in fo r m a t io n
Figure 1 and Figure 2 show the background system information used by WRATE to 
calculated the avoided burdens or impacts associated with energy.
Baseline electricity mix (UK 2008)
□ 1.2%
□ 1.7% 
□ 2.7%
□ 6.1%
□ 21.4%
O 0.5%
□ 0.2%
0.0%
□ 37.9%
□ 28.2%
□ Gas CCGT
□ Coal
□ Nuclear
□ Wind 
o Gas
□ Hydro
□ Renewables thermal
□ Oil
□ Thermal other 
■ Waste
Figure 1. UK 2008 Baseline electricity mix from WRATE internal database
Marginal electricity mix (UK 2008)
□ 2.8%
41.1%
□ 56.2%
o Gas CCGT 
o Coal 
□ Nuclear
Figure 2. UK 2008 marginal electricity mix from WRATE internal database
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D e fa u lt  w a s te  c o m p o s i t io n
Figure 3 shows the default waste composition used in the environmental models. The 
composition uses data from a waste audit of MSW in Wales carried out in 2003.
W aste composition
1.8%
■ 0.8%
H 5.8%
□ 8.0%
□ 0.8%
□ 2.0%
□ 2.3% -,
8 4.5%
□ 4.6%
□ 5.2%
30.5%
21.0%
Organic 
Paper and card 
Non-combustibles 
Combustibles 
Glass
Fine material 
Ferrous metal 
Dense plastic 
Plastic film 
Wood
Absorbent hygiene products
W E E E
Textiles
Non-ferrous metal 
Specific hazardous household
Figure 3. MSW standard waste composition from WRATE internal database.
T h e rm a l t r e a tm e n t  r e s u l t s
The results presented in this section have been produced for the test case with the 
parameters described in Table 1.
Project Information
Name
Environmental impact comparison of biological EfW 
scenarios and technologies
Population
Equivalent population 500,000
People per household 2.3
Energy
Baseline electricity mix UK 2008. (WRATE internal database). See Figure 1.
Marginal electricity mix UK 2008. (WRATE internal database). See Figure 2.
Waste
Quantity 350,000 tonnes per annum
Composition
MSW Wales. Survey on December 2003. (WRATE 
internal database). See Figure 3.
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Plant/facilities capacity
Incineration
Incineration  with  
C H P
260,000 tonnes per annum
260,000 tonnes per annum
M B T G en eric  for 
R D F
Pyrolysis / 
G asification
r 145,000 tonnes per annum
G as ification/Pyrolys is 
c u s to m is ed  with 
C H P
250,000 tonnes per annum
Landfill
Collection vehicle distances
Refuse Collection Vehicle
100 km round trip 
33% urban 
33% rural 
34% highway
Table 1. Environmental Impact comparison of EfW scenarios and technologies
Figure 4 presents the quantities distribution of the final destination of the waste 
managed in the different scenarios created for the thermal treatment technologies. 
The totals do not add up to the 350,000 tonnes per annum because some of the 
materials recovered are finally rejected to landfill, e.g. because they are soiled or 
contaminated, thus being double counted or because some of the mass is lost whilst 
processed, e.g. drying.
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Quantities of waste managed by final destination
0  •
Incineration 
w/out CHP 
Biilingham
Incineration 
with CHP 
Dundee
Incineration 
w/out CHP 
Chineham
Incineration 
with CHP 
Grimsby
Gasificatio Gasificatio 
n w ith CHP 
Novera
Gasificatio 
n w/out
Gasificatio 
n VMth CHP 
Energos
Pyrolysis 
w/out CHP 
Wastegen
Pyrolysis 
with CHP 
W astegen
Pyrolysis 
w/out CHP 
CompactP
Pyrolysis 
with CHP 
CompactP
Landfill
□  W aste Recycled Tonnes 95421 98185
■  W aste Recovered Tonnes
■  W aste Landfilled Tonnes 350000
Figure 4. Quantities of waste managed by final destination in thermal treatment scenarios
Figure 5 shows the environmental impacts of the thermal treatment plants compared 
amongst themselves and with a “100% landfill” scenario. Power-only plants are 
represented by plain bars in the graph whereas those that can also export heat are 
represented with diagonal stripes. It can be seen that apart from the large avoided 
impacts, i.e. negative values, in the ARD and GW100 categories, the remaining 
impacts are relatively reduced. The HT impact is almost zero and FAETP results are 
slightly negative, i.e. avoided impacts, for all technologies. Finally, AP and EP impacts 
are positive, i.e. adverse impacts, for incineration technologies and very close to zero 
for the gasification and pyrolysis technologies.
Thermal treatment only environmental impacts
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-5000 -
lu -10000 -
Î2 -15000 0)
^  -20000
-25000
= -30000 -
-35000
-40000
FAETP AP EPARD GW100 HT
■  Incineration w/out CHP  
Biilingham (large scale)
□  Incineration with CHP Dundee  
(large scale)
■  Incineration w/out CHP  
Chineham  (medium scale)
□  Incineration with CHP Grimsby 
(m edium  scale)
□  Gasification w/out CHP Novera 
(medium scale)
□  Gasification with C H P  Novera 
(m edium  scale)
□  Gasification w/out CHP  
Energos (sm all scale)
□  Gasification with CHP Energos 
(sm all scale)
■  Pyrolysis w/out CHP Medium 
scale (W astegen based)
□  Pyrolysis with CHP Medium 
scale (W astegen based)
□  Pyrolysis w/out CHP  
C om pactPower
□  Pyrolysis with CHP  
Com pactPow er
□  Landfill
Figure 5. Environmental impacts of thermal treatments only
Figure 6 shows the results, with the same colour coding of Figure 5, in context with 
the overall scenario results rather than focusing exclusively on the thermal treatments. 
The only modification to the legend is that overall impacts are represented with solid 
light bars for the power-only scenarios or by thin stripped bars when a CHP
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technology is included in the scenario. Negative values are larger in the abiotic 
resource depletion, global warming, freshwater aquatic ecotoxicity and acidification 
with little variations on the remaining impact categories.
Contribution of thermal treatments to overall scenario impacts
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ai
II
A RD G W 1 0 0 HT FAETP AP EP
Figure 6. Contribution of thermal treatment process to overall scenario impacts
B io lo g ic a l  r e s u l t s
The results presented in this section have been produced for a test case with similar 
the parameters to those described in Table 1 although Table 2 is presented here for 
completeness.
Project Information
Name
Environmental impact comparison of biological EfW 
scenarios and technologies
Population
Equivalent population 500,000
People per household 2.3
Energy
Baseline electricity mix UK 2008. (WRATE internal database). See Figure 1.
Marginal electricity mix UK 2008. (WRATE internal database). See Figure 2.
Waste
Quantity 350,000 tonnes per annum
Composition
MSW Wales. Survey on December 2003. (WRATE 
internal database). See Figure 3.
Plant/facilities capacity
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S '
A naero b ic
D igestio n
r
AD c u s to m is e d  with  
C H P
100,000 tonnes per annum
250,000 tonnes per annum
Landfill
Collection vehicle distances
Refuse Collection Vehicle
100 km round trip 
33% urban 
33% rural 
34% highway
Table 2. Plant and facilities capacities in the biological technologies environmental analysis model
Figure 7 presents the quantity distribution of the waste managed in the different 
scenarios and the results look alike in all of them. Similarly to the thermal treatment 
case, the total quantity does not add up exactly to the original waste quantity 
modelled in the scenario because of double counting of the rejects from the biological 
treatments. Excluding the “100% landfill” reference scenario, the average recycling 
percentage is 27.0%, 26.6% for composting and 46.4% for landfilling. The similarities 
of these results lay in the identical arrangements of the model where the only possible 
differences are the levels of rejects from the AD processes that end up in landfill.
Quantities of waste managed by final destination
Scenario 
w/out CHP 
large scale
Scenario 
w/out CHP 
large scale
Scenario 
w/out CHP 
medium
Scenario 
with CHP 
small scale
Scenario 
with CHP 
large scale
Scenario 
with CHP 
large scale
Scenario 
with CHP 
medium
Scenario 
w/out CHP 
small scale
Landfill
□  Waste Recycled Tonnes 94616 94616 94616 94616 94616 94616 94616 94616 0
■ Waste Landfilled Tonnes 167814 165170 165531 163478 167814 165170 165531 163478 350000
■ Waste Composted Tonnes 96138 96138 96138 96138 96138 96138 96138 96138 0
Figure 7. Quantities of waste managed by final destination in biological treatment scenarios
Figure 8 presents the results of the biological treatment models when compared 
amongst themselves and with a reference scenario of “ 100% landfilling” . The
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scenarios that are modelled with processes with CHP capacity are represented with 
striped bars whereas the power-only scenarios are represented by flat bars. The 
results show adverse effects, i.e. positive values, in the AP and EP categories and 
close to zero results in the HT and FAETP categories. Conversely, AD avoids large 
impacts in the ARD and GW100 categories, although much smaller in value than 
thermal EfW technologies.
Biological treatment only environmental impacts
8 0 0 0  n
6 0 0 0
4 0 0 0
.O' 2000
c -2000
2  -4 0 0 0
-6 0 0 0
-8 0 0 0
A R D G W 1 0 0 H T F A E T P A P E P
■  AD w/out C HP large scale 
(Dranco based)
H A D  with CHP large scale 
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■  AD w/out C HP large scale 
(Linde based)
H AD with C H P large scale 
(Linde based)
□  AD w/out C HP medium scale 
(Cambi based)
□  AD  with CHP medium scale 
(Cambi based)
□  A D  w/out C HP small scale 
(Greenfinch based)
□  AD with CH P small scale 
(Greenfinch based)
□  Landfill
Figure 8. Environmental impacts of biological treatment only
Figure 9 presents the contribution of each individual energy from waste process to the 
overall scenario impacts. The overall impacts are represented with solid light bars for 
the power-only cases or by thin stripped bars for the CHP scenarios.
Contribution of biological process to overall scenario impacts
10000
5 0 0 0
-I
c  - 5 0 0 0
® -10000
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3 -20000
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Figure 9. Contribution of biological process to overall scenario impacts
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It can be seen that the EfW treatment have a clear contribution to the reduction of the 
impacts on the ARD and GW100 categories whereas they have a minimal contribution 
to the HT and FAETP impacts. Contrarily, they have adverse effects in the AP category 
with positive values despite the overall scenario results being negative and their 
adverse effects on the EP category are further increased by the impacts of other 
waste management activities in the scenario.
S m a ll s c a le  t e c h n o lo g ie s  c o m p a r is o n  r e s u l t s
Table 3 shows the parameters that have been used to analyse the environmental 
impacts of all EfW technologies. The quantity of waste has been chosen carefully so 
that the amount of waste that is available for each technology means that the “small 
scale” model is used.
Project Information
Name
Environmental impact comparison of biological EfW 
scenarios and technologies
Population
Equivalent population 500,000
People per household 2.3
Energy
Baseline electrioity mix UK 2008. (WRATE internal database). See Figure 1
Marginal electricity mix UK 2008. (WRATE internal database). See Figure 2
Waste
Quantity 215,000 tonnes per annum
Composition
MSW Wales. Survey on December 2003. (WRATE 
internal database). See Figure 3
Plant/facilities capacity
incineration
Incineration with  
C H P
157,000 tonnes per annum
155,000 tonnes per annum
M B T G en eric  for 
R D F
EngD Dissertation Volume II Page 123
Pyrolysis / 
G asification
G as ification/Pyrolys is 
c u s to m is e d  with 
C H P
84,000 tonnes per annum
/J
A n aero b ic
D igestio n
r 60,000 tonnes per annum
AD c u s to m is e d  with  
C H P
250,000 tonnes per annum
Landfill
Collection vehicle distances
Refuse Collection Vehicle
100 km round trip 
33% urban 
33% rural 
34% highway
Table 3. Plant and facilities capacities in the medium scale technologies environmental analysis 
model
Figure 10 shows the quantities of waste managed by final destination in the different 
scenarios showing clearly that when biological technologies are used the amount of 
waste landfilled is larger than with any of the thermal technologies. Conversely, the 
biological scenarios are the only ones where some compost is produoed. The levels of 
recycling are similar throughout all scenarios whilst the incineration scenarios show 
higher levels of recovered materials because of the bottom ash recycling.
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Quantities of waste managed by final destination
150000
00000
50000
Pyrolysis with 
CHP Wastegen
Incineration w/out 
CHP Ghineham
Incineration with 
CHP Grimsby
AD w/out CHP Gasification with 
CHP Novera
Pyrolysis w/out
CHP W astegen
58121□  W aste Recycled Tonnes
Recowred Tonnes□  W aste
Landfilled Tonnes
Composted Tonnes
Figure 10. Quantities of waste managed by final destination in the small scale environmental 
analysis.
Figure 11 shows a comparison of the total amount of energy recovered by each of the 
scenarios. Logically, the amount of energy recovered in the CHP scenarios is higher 
than in their power-only counterparts. When compared amongst themselves, energy 
recovered from landfill gas and AD are comparable and much less than the energy 
recovered by the thermal technologies.
E n e rg y  R ec o v e red
6 0 0
5 0 0
4 0 0
3 0 0
200
100
0
X  ra
89 s 8ÙS
;
Figure 11. Total energy recovered in the small scale environmental analysis.
Using the same colour coding as in Figure 11, Figure 12 shows the contribution of 
each individual EfW technology as part of their overall scenarios. It is quite neutral in 
all categories except abiotic resource depletion and global warming where most 
technologies contribute with significant negative impacts.
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Figure 12. Contribution of EfW technologies to overall scenario impacts
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Appendix IX Full case study
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1 Executive Summary
This pre-feasibiiity study assesses the technical, environmental and economic aspects 
of integrating different energy from waste technologies with four of Prupim's building 
developments in Reading. Putting together the assessments results and Prupim’s 
qualitative opinions, this report presents a ranking of suitable EfW technologies and 
information on waste arisings from the developments as well as economic costs, 
revenues and environmental impacts of the different EfW technoiogies.
The study is part of a research collaboration between Prupim, University of Surrey and 
Buro Happold and will be part of the author’s dissertation towards achieving the 
Engineering Doctorate (EngD) on Environmental Technology degree.
The pre-feasibility study integrates quantitative information and Prupim’s qualitative 
opinions thanks in a two stage Decision Support Tool (DST) that uses Multi criteria 
decision analysis (MCDA) as its underlying scientific theory. A screening stage using 
technical information on EfW plants is followed by a pure MCDA phase that integrates 
the economic and environmental assessments. MCDA is both an approach and a set 
of techniques with the goal of providing an overall ranking of options. In order to do 
so, relevant technical, economic and environmental criteria are chosen, scored and 
weighted to reach the final ranking.
Scoring is the process of normalising the results of the different assessments so that 
they can be compared together with score differences representing differences in 
strength of preference. Weighting is an appropriate method to reflect the significance 
placed by stakeholders in each criterion because not all criteria may be equally 
important to them. These two mechanisms allow incorporating Prupim’s qualitative 
opinions into the final results.
The Prupim buiiding developments considered are GreenPark, Southside, GreenPark 
Village and Science Park ail of them situated South of Reading. They are described in 
section 4. Moreover, the analysis has been further customised with details of ourrent 
waste management practices, facilities, etc. in Reading that have been compiled in 
section 5.
In order to assess the feasibility of any EfW technology, the quantity and composition 
of residual waste, i.e. waste generated but not recycled, available needs to be 
estimated. Moreover, because EfW plants operate for several years, the evolution of 
future waste arisings also needs estimating. Section 6 presents the results of current 
and future waste estimations for all developments. It is estimated that if the four 
developments were fully built now, more than 10,000 tonnes per annum (tpa) of 
residual waste would be generated mainly from offices and residential units. The 
largest fractions of this residual waste would be paper/cardboard and putrescible, i.e. 
organic. Two scenarios are considered to estimate the possible waste evolution. 
Firstly, a conservative “business as usual” scenario where waste generation and
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recycling remains fairly constant. Secondly an “ ideal” scenario where waste 
generation is reduced to current best practices and recyciing rates soar. The figures 
obtained for the alternative evolution scenarios range between an increase of 23% in 
the “business as usual” or a reduction of 79% in the “ ideai” scenario from the original 
estimations. It is likeiy that existing legislation and drivers force the waste arisings 
evolution closer to the “ ideal” than the “business as usuai” scenario.
Once the quantity, composition and future evoiution of residual waste have been 
estimated, the first stage of the DST can be carried out. Section 7 analyses if the 
amount of waste estimated and the land available are enough for operate and build 
each of the different EfW technoiogies considered, namely: anaerobic digestion, 
incineration, gasification and pyrolysis. Section 7.2 demonstrates that there is not 
enough land available for an incinerator hence discarding it from further consideration. 
The conclusion of section 7.1 is that there is not enough waste available for any of the 
technologies from only the four Prupim developments considered. Notwithstanding, 
there is enough land available for an anaerobic digestion, gasification or pyrolysis 
plant and enough suitable feedstock available at a regional scale for them hence these 
technologies are further considered in the DST. Eventually, the EfW plant would help 
also to achieve some targets established in the regional waste strategy. All these 
technical criteria and considerations are scored and weighted in section 7.3.
Section 8 and 9 present the environmentai and economic assessments that are part of 
the MCDA stage of the DST. Both assessments use life cycle thinking to evaluate 
each EfW technology from cradle to grave as it is required in complex long-term 
analysis as in this case.
The environmental analysis section presents WRATE, the Environment Agency Life 
Cycle Assessment tool used, describes the environmentai impacts that will be the 
scored and weighted criteria and presents the details of the models used. Particularly, 
section 8.3 presents the results for each criterion that will be scored and weighted. 
The models have shown that gasification and pyrolysis results are comparable 
amongst themselves in all categories, clearly better than AD in the ARD and GW100 
categories and similar in the others. Another result found is that CHP options present 
better results than their non-CHP equivalents.
The economic analysis required some extra information on heat demand from the 
Prupim developments. This was required to assess the possibility of selling heat from 
the EfW plants back to them. After introducing the bespoke economic modei, its 
assumptions and the estimated heat demand, the economic results for the AD and 
gasification/pyrolysis plants with and without CHP are presented in section 9.3 and 
9.4. Gasification/pyroiysis plants are more expensive than AD but they have also 
quicker payback periods and higher final NPV. The comparison between the CHP and 
non-CHP options show that because the former are more expensive than the later and 
that the price of heat is relatively low, the extra revenue does not compensate the 
initial investment. Therefore, CHP options have longer paybacks and lower NPV and in
EngD Dissertation__________________________________ Volume II_____________________________Page 135
the case of AD, they make the project not feasible when compared with non-CHP 
options.
Section 10 presents the resuits of the sensitivity analysis carried out on several 
parameters affecting both the economic and environmental criteria. The sensitivity 
analysis has been done on just one parameter at a time and some of the most 
influential parameters found are the quantities of waste available, the discount factor 
and the project lifespan used in the economic model. Other very influential parameters 
include the plant’s revenues, i.e. gate fees and price of the electricity produced. The 
sensitivity analysis has also been used to explore the effects that recent or proposed 
legislative changes, such as landfill tax and ROC banding, may have in the economic 
feasibility of EfW technologies.
In the final section 11, the results of the scoring and weighting of all criteria as well as 
the final ranking will be presented and discussed.
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2 Introduction
This report presents the results of a pre-feasibility study for an Energy from Waste 
(EfW) facility in Reading that would use GreenPark, Southside, GreenPark Village and 
Science Park waste arisings. The study presents a ranking of suitabie EfW 
technoiogies as well as information on waste arisings, economic costs and revenues 
and environmentai impacts.
The report is part of a research collaboration between Prupim, University of Surrey 
and Buro Happold and will be part of the author’s dissertation towards achieving the 
Engineering Doctorate on Environmentai Technology degree.
Figure 1. Prupim  developm ents and possible EfW  p lant location  aeria l view .
This pre-feasibility study analyses the technical, economic and environmental aspects 
of using waste from the Prupim developments as feedstock for an EfW plant that will 
generate electricity and potentially heat. A possible location for the plant has been 
identified to the South of the RE3 recycling facility. East of Thames Water’s waste 
water treatment plant. North of GreenPark and West to the future GreenPark Village as 
shown in Figure 1.
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This pre-feasibility study has combined Prupim information on the buildings areas and 
uses of the current and future developments and published waste data to estimate 
waste arisings. Technical knowledge of the EfW technologies being considered has 
been complemented with information about local waste companies, their facilities and 
current waste practices in GreenPark. For the economic analysis, a general economic 
model has been customised for the technologies being considered in detail and with 
the particularities of the developments. Similarly, for the environmental analysis, a 
model has been created using the EA’s commercial software WRATE.
Pure short-term economic assessment of waste management options has long been 
criticised. Therefore, the underlying research to this pre-feasibility study has taken the 
preferred integrated whole life cycle environmental-economic approach. This has been 
implemented as a multi criteria decision analysis (MCDA). In addition, and 
acknowledging limitations of technologies, available areas, etc. a screening phase has 
been incorporated to limit the detail study to only the adequate feasible technologies. 
All these elements have been assembled together into a Decision Support Tool (DST). 
Furthermore, the DST results will incorporate Prupim’s qualitative opinions on several 
criteria that will affect the final ranking of technologies. The schematic of the pre­
feasibility study inputs and outputs, the waste estimations and the different phases of 
the DST is shown on Figure 2. A potentially changing framework of legislation, prices, 
barriers and drivers, etc. is also shown and its possible effects on the results will be 
assessed through sensitivity analysis.
C hang ing  fram ew ork:
Legislation, E nergy prices and taxes, B arriers & Drivers
OUTPUTSINPUTS
Waste
Estimation
Tool
Quantitative:
• Building type
• Location
• Waste estimation
D ecision  S u pp ort Tool • Ranking of
adequate
technologies.
Screening
(Technology)
• Energy outputs
• Costs
• Land requirements/  Multi Criteria \ 
Analysis
(Environmental& 
y Economic) J
Qualitative:
• Opinions • LCA environmental 
impacts
Figure 2. R esearch study schem e.
The analysis period has been established in 30 years given that EfW plants will have 
an expected life span of a minimum of 20 years with typical values of around 30 years. 
This time span is also common in municipal waste collection contracts that last 
around 25 years, e.g. the recently signed Greater Manchester Waste Disposal 
Authority, although commercial contracts may be renegotiated much earlier. In any 
case, the influence of the plant lifespan on the economic results will be assessed 
through sensitivity analysis.
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3 Multi Criteria Decision Analysis___________________
This section introduces briefly multi criteria decision analysis (MCDA). This is the 
underlying theory in the Decision Support Tool (DST) described in Figure 2 and central 
to this case study. This section also describes the scoring and weighting processes 
and lists the criteria that will be considered.
3 .1  I n t r o d u c t io n  a n d  m e th o d o lo g y
MCDA is both an approach and a set of techniques with the goal of providing an 
overall ranking of options (DTLR, 2000). MCDA can be used to facilitate the decision 
making process in situations where the complexity of the issues, the number of 
disciplines involved, the large uncertainties and the importance of the stakes are very 
high. Clift (2006) and Giampietro (2006) recognise that the solutions to such problems 
need to consider the stakeholders input so that the decisions reflect their preferences. 
These sources and the old Department of Transport, Local Government and Regions 
(DTLR, 2000) agree that
DSTs based on MCDA are an appropriate instrument to explore these complex 
problems. DSTs appeared in the seventies thanks to the work of Keeney and Raiffa 
(1976) and become progressively more sophisticated. They have been used in many 
fields (Rosenhead et al., 2001) and in particular to advise on waste management 
decisions (Barlishen et al., 1996). A particularly useful DST characteristic is that it can 
integrate tools specialised in different criteria for a better analysis (Wrisberg et al., 
2002; Shmelev et al., 2006). In this case study, economic and environmental aspects 
are integrated together through MCDA after an initial screening phase based on a 
technological assessment.
3 .2  S c o r in g  a n d  w e ig h t in g  p r o c e s s
Scoring is the process of normalising the results of the different assessments so that 
they can be compared together with score differences representing differences in 
strength of preference. Scoring scales will be created with the lowest and highest 
scenario results for each criterion being the bottom and top of a 100-point scale and 
the remaining results distributed accordingly as shown in Figure 3.
EngD Dissertation Volume II Page 139
Scenario
Anaerobic 
Digestion 
without CHP
Anaerobic 
Digestion with 
CHP
Gasification/ 
Pyrolysis 
without CHP
Gasification/ 
Pyrolysis with 
CHP
initial capital cost £2 ,787,044 £2,996,073 £15,459,549 £16,619,015
Score 0 1.51 91.62 100
0 1.51 91.62 100
Figure 3. Scoring exam ple .
Weighting is an appropriate method to reflect the significance placed by stakeholders 
in each criterion because not all criteria may be equally important to them (DTLR, 
2000). The relevance of each criterion will be assessed against other criteria in a two- 
stage hierarchical approach. Firstly, 100 weights points will be distributed amongst 
the three groups of technical, economic or environmental criteria in relation to one 
another. Then, another 100 weight points will be distributed amongst the individual 
criterion of each group thus reflecting the preference of each criterion over other 
criteria within its group. These weight distribution processes are represented with 
dotted lines in Figure 4.
Scenario X
X
Technical 
cniefion 1 
score
Relaüve (%} 
technical 
criterion t v/eghf kJ
Overall (%) 
technical 
weight
Total Technical 
result
100 weights points 
are distributed for 
eacn criterion within 
the group
100 weights points 
are distributed for 
each group of 
criteria
Final result 
lor scenario X
Figure 4. Scoring and w eigh ting  process for a given scenario .
Figure 4 represents the integrated scoring and weighting process for this case study. 
Certain waste management scenarios for the Prupim developments will be modelled 
with different EfW technologies and their numeric results will be scored against those 
of the other scenarios. Then, individual criterion scores will be multiplied by its relative
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weight within its group and then again by their overall group weight. The sum of the 
weighted scores for each scenario, and thus for each EfW technology, will generate 
the ranking of preferred technologies for the case study.
3 .3  C r i te r ia  to  a n a iy s e
Having explained the scoring and weighting method, it is necessary to establish the 
criteria that will be evaluated in the DST and Table 1 presents them. Whist each 
criterion will be explained in the relevant section, the type that defines their nature is;
• Quantitative. The result of the analysis of a quantitative criterion will be a 
numerical value.
• Quantitative limiting. Similarly to a quantitative criterion, the results of the 
analysis of a quantitative limiting factor will be a numerical value but this time It 
will need to be larger or smaller than a threshold.
• Qualitative. This type of criteria represents subjective and personal opinions 
that cannot be expressed in numerical form. They may be in the form of “A is 
better than B”.
Screening phase. Technical assessment See Section 7
Amount of suitable feedstock Quantitative limiting
Availability of land Quantitative limiting
Availability of external feedstock and long-term supply Quantitative
Is technology proven in the UK Qualitative
MCDA phase. Environmental assessment See Section 8
Abiotic resource depletion Quantitative
Freshwater aquatic ecotoxicity Quantitative
Acidification Quantitative
Eutrophication Quantitative
Global warming Quantitative
Human toxicity Quantitative
MCDA phase. Economic assessment See Section 9
Initial capital cost Quantitative
Simple payback period Quantitative
Net present value Quantitative
Tab le  1. DST criteria
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4 Building developments
This section presents the four Prupim developments under consideration in this pre­
feasibility study.
4 .1  G re e n P a rk  d e v e lo p m e n t
The GreenPark development (www.qreenpark.co.uk) is a business park located four 
kilometres south of Reading city centre. It is a well-known business park thanks to its 
iconic wind turbine that is clearly visible from the busy M4 motorway. The park is not 
fully built yet with four buildings are currently under construction and some additional 
proposed buildings along its west limits.
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Figure 5. G reenP ark  view
The Park’s central part is a crescent shape piece of land with a water feature in the 
middle mostly comprising office buildings as shown in Figure 5. The park also includes 
some adjacent areas mostly to the South and West of the crescent along the M4 
motorway. In total, GreenPark has a total extension of 180 acres, almost 73 hectares, 
and planning permission for up to 2.3 million square feet (sqft) of gross floor area, 
equivalent to 213,000 m  ^ of office space. Once fully built, the total net floor area for
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offices is expected to be 2,202,285 sqft (204,599 m )^. There are also some retail and 
catering areas (1,308 m )^ and a health and fitness club (3,716 m )^.
4 .2  S o u th s id e  d e v e lo p m e n t
The Southside development (http://southsideuk.com/) is located to the East and the 
West of the A33 road as shown in Figure 6. It limits to the West with Thames Water’s 
waste water treatment plant and with existing residential and commercial 
developments on its other sides.
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Figure 6. Southside developm ent m asterp lan  view
The total commercial area proposed to be developed in Southside is 910.000 sqft 
(84,541 m )^ including:
• Office buildings 1 and 2. An area of 146,000 sqft (13,563 m )^ already available 
for pre-let to the East of the A33 road.
• Rest of office buildings 3 to 18. A total area of 613,600 sqft (57,005 m )^ that will 
be built to the West of the A33 road
• A hotel that will open on Spring 2009. It will have 210 full service bedrooms as 
well as a 140 cover restaurant, major conference and exhibition space, health 
club including steam room, solarium, pool, dance/fitness studio and 
gymnasium.
• A compact hospital due to open in early 2010 that will have 30 inpatient single 
rooms, four operating theatres and a range of consulting and treatment 
spaces.
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• A total of 1,150 residential units.
With regards to transport infrastructure supporting the Southside development, there 
will be an iconic bridge (purple dot C in Figure 6) a bus shuttle (red dot D in Figure 6) 
and some space for bicycles and car park facilities (yellow dots E in Figure 6)
4 .3  G re e n  P a rk  V il la g e
The GreenPark village development (http://www.qreenparkvillaqe.co.uk/) proposed to 
the North-East of the existing GreenPark was given planning consent in 2008. The 
development will limit to the South with the existing Longwater Avenue and 
Smallmead Road and to the North with and old landfill site. As part of the planning 
application, it is proposed that GreenPark Village will have a railway station on its 
West side linking it with Reading railway station. Figure 7 shows the proposed 
masterplan for GreenPark Village.
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Figure 7. G reenP ark  V illage developm ent m asterp lan  view
Despite some slight variations in the areas and number of residential units between 
the planning application and the official web page information, the development will 
be mainly residential with 737 residential units planned as well as 17,000 m  ^of offices. 
In addition, there will be a primary school for 210 pupils and some community facilities 
(e.g. extra care residential accommodation) covering around 1,850 m^
4 .4  G re e n P a rk  S c ie n c e  P a rk
The GreenPark Science Park is a proposed development envisaged to take plaoe in 
the medium term as an extension to the South-West corner of GreenPark. It will
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consist mainly of office buildings. Current plans are to build six buildings similar to 
those proposed in 700, 800 and 900 South Oak Way within GreenPark. Each of these 
buildings will have area of 105,000 sqft (9,754 m )^ used for offices.
4 .5  T o ta l
Table 2 presents the summary areas of all developments once they will be fully built 
and an aerial view was shown in Figure 1.
Area (m )^ Units
GreenPark
Office area 204,599
Restaurant/Café area 1,308
Leisure 3,716
Southside development
Office buildings 70,569
Hotel 210 rooms
Hospital 7,432 30 rooms
Residential 1,150 units
GreenPark Village
Residential 737 units
Offices 1,579
School 210 pupils
Community TBA
GreenPark Science Park
Office 58,529
Tab le  2. Tota l areas o f the  d iffe rent developm ents
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5 Waste treatment type and location
5 .1  E n e r g y  f r o m  W a s te  p r o p o s e d  lo c a t io n
Figure 8 shows three possible EfW locations near the Prupim developments with 
indicative sizes. The current area north of Green Park was previously a landfill and in 
the figure, the Smallmead MRF and Civic Amenity site are identified as RE3. Plots 
number 1 and 3 are owned by Reading Borough Council whereas plot number 2 is 
within the boundaries of the existing waste water treatment plant and its owned by 
Thames Water.
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Figure 8. Possible EfW locations near G reen Park.
Plot number 1 is the most likely location for an EfW plant and is around 100 m along 
the North to South axis and between 100 and 115 m in the perpendicular direction. It 
has an area of around 10,000 m  ^equivalent to 1 hectares or around 2 acres.
5 .2  M u n ic ip a l  S o l id  W a s te  m a n a g e m e n t
Municipal Solid Waste (MSW) management in Reading is carried out by the "RE3" 
local authority partnership of Reading, Bracknell Forest and Wokingham councils.
The partnership has signed a 25 year long-term contract with WRG, a national waste 
management company, to manage MSW. The contract does not include the collection
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of waste and recyclable materials that remains a council function. However, the 
contractor is responsible for ensuring the recycling, recovery and disposal of waste 
collected by the councils. The required waste infrastructure is being delivered through 
a Public Finance Initiative (PFI) signed in 2006 with DEFRA
Using PFI funding, local recycling facilities have been built and/or refurbished. These 
include the Longshot Lane Waste Management Park but also the Smallmead material 
recycling facility (MRF) with its adjacent civic amenity site in Island Road, shown in 
Figure 8 and internally in Figure 9. Additionally, the MSW management contract allows 
for up to 60,000 tonnes of household waste per year to be incinerated, at the Lakeside 
incinerator plant at Colnbrook near Slough. The incinerator will open in spring 2009 
after 7 years of planning and is capable of treating 440,000 tonnes of waste per year 
generating electricity and reducing the volume of material that is taken to landfill
Further information on Reading’s MSW management can be found in section 6.1.1
*
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Figure 9. S m allm ead  M R F view
5 .3  C o m m e r c ia l a n d  in d u s t r ia l  w a s te  m a n a g e m e n t
Commercial and Industrial waste is managed apart from MSW. This waste is not the 
councils’ responsibility but it is managed through agreements between waste 
generators and waste management companies.
Grundon is one of the waste collection and treatment companies that operate in 
GreenPark and it has waste treatment facilities located in Berkshire and nearby 
counties. In particular, Grundon has in Beenham a material recycling facility and a 
landfill site (WRAP, 2009). These facilities have been chosen as representative for 
treatment of commercial and industrial wastes in this case study.
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6 Waste analysis
This section presents the estimations on the residual waste arisings and composition 
from the four Prupim developments: GreenPark, Southside, GreenPark Village and 
Science Park. Moreover, the possible long-term evolution of these wastes in context 
of Reading’s waste trends is also explored.
6 .1  R e s id u a l w a s te  q u a n t i t y  a n d  c o m p o s i t io n  e s t im a t io n s
Residual waste is the fraction of waste generated but not recycled. Assuming that only 
residual waste would be treated in a potential EfW facility avoids the potential conflict 
between recycling and energy recovery.
The latest available information has been used to estimate current residual waste 
quantity and composition of the waste generated in the Prupim developments if they 
were fully built now.
6.1.1 R e s id e n tia l w a s te  in  R e a d in g
According to ORIS, the On-line Recycling Information System of local authorities 
recycling information by WRAP (2006/07), Reading Borough Council had in 2006/07 
the waste generation and diversion rates shown in Table 3:
Quantity 
(kg per household per year) Percentage
Waste Generation 1222 -
Dry diversion 272 22.3%
Organic & separate food diversion 54 4.4%
Total recycling 326 26.7%
Residual waste 896 73.3%
Table 3. Reading Borough Council waste generation, recycling and composting in 2006/07 (WRAP, 
2006/07)
Table 4 contains DEFRA’s most recent percentage information, although covering just 
until March 2008, showing an increase in recycling dry and organic diversion. These 
figures can be considered average in the UK.
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Percentage
Dry diversion 26.3%
Organic & separate food diversion 7.7%
Total recycling 34.0%
Table 4. Reading Borough Council partial recycling and composting figures 2007/08 (Letsrecycle, 
2008)
The quantity information from the complete 2006/07 data set (WRAP, 2006/07) and 
the simplified residual waste composition from the RE3 joint waste strategy (Enviros, 
2008) shown in Figure 10, have been used to estimate residential waste generation in 
the Prupim developments.
Reading Borough Council residual waste 
composition
11%
22%
11%
□ Paper/Cardboard
□ Metal
□ Glass
□ Plastic
■ Putrescible
■ Other
47%
Figure 10. Reading Borough Council residual waste composition (Enviros, 2008, Appendix 4)
6.1.2 O ffice w aste
There is not waste data available for all the buildings in GreenPark; however, the 
facilities manager at 100 Longwater Avenue building provided useful data that will be 
used to model the rest of the office buildings in the other developments.
In 100 Longwater Avenue, there are three collections a week of each of the nine 1,100 
litre wheelie bins in the building. Each bin weights an average of 120 kg according to 
the collecting company Grundon. Assuming that the bins are always full and collected 
all weeks in the year, a figure of 3,240 kg of waste per week would be collected 
equivalent 168,480 kg per annum
The number of people working in the 100 Longwater avenue building is around 550 
people in a let area of 74.000 sqft, which is the 95% of the total area of the building.
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This equates to an employee density of 12.5 mVemployee. This figure is relatively high 
if compared with other benchmarks of around 19 mVemployee published by other 
sources (Arup, 2001; EnviroCentre et al., 2005). This implies that if waste generation 
figures per m  ^ were used, waste estimations would be higher than average hence 
waste benchmarks per employee would be used. With the data provided, a figure of 
306 kg/employee/annum is obtained and it will be used to estimate offices waste 
generation throughout all developments.
The residual waste generation figure of 306 kg/employee/annum is not far from other 
published benchmarks. For example. Waste Watch (1995) quoted a rate of 192 kg of 
waste per employee per year. In a more recent report (Waste Watch, 2004) with data 
from 2000, an average of 496 kg/employee/annum was found whilst quoting 200 as 
best practice. Finally, EnviroCentre (2005) reports 358 kg/employee/annum.
The waste generation figure of 306 kg/employee/year represents the residual waste 
generated in the 100 Longwater Avenue building because some materials, including 
paper, plastics and metals, are collected for recycling in the specific containers 
throughout the building. There is no information available on the recyclable 
composition although it can be expected that it would be mostly paper as found in 
previous waste audits in other offices (Izquierdo Lopez et al., 2009). Despite the actual 
recycling rate for 100 Longwater Avenue not being available, Prupim’s interim 2007 
sustainability report (Prupim, 2007) quotes a figure of recycling across its managed 
property portfolio of around 26%. This figures is comparable with the general 
performance of recycling in other offices according to WasteWatch (2004).
The exact residual waste composition for the offices is unknown because there is no 
information available from previous waste audits; however, it has been assumed that it 
will be adequately represented by an average of other published benchmarks.
Waste stream
Average of published 
benchmarks
Range of published 
benchmarks
Paper/cardboard 67.0% 50.3 -  83 %
Metal 2.0% 1.0-3 .0  %
Glass 1.0% 0.5 -  3.0 %
Plastic 10.0% 7.0 -12 .5  %
Putrescible 14.0% 4.0 -  24.3 %
Other 6.0% 5 .0 -9 .5  %
Table 5. Average office waste composition (Izquierdo Lopez et al., 2009)
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6.1.3 O th e r  b u ild in g s  w a s te
Residential and office waste are expected to be the largest contributors to the amount 
of waste generated by the four Prupim developments covered by this study. 
Nevertheless, this section presents information on waste arisings from other buildings.
Information by EnviroCentre (2005) on waste quantities and composition for catering 
facilities in the UK has been used in the waste estimations.
The Southside hotel waste has been modelled as a luxurious hotel with a waste 
generation rate of 1.2 kg per guest per night. This quantity has been published by 
IBLF (2005) and in order to estimate the waste composition, information published by 
Hogan (2004) for hotels in Ireland has been used. The number of guests has been 
estimated assuming an average of 1.5 people per night in each of the 210 rooms.
It can be expected that the hospital in Southside and the Care home facility in 
GreenPark Village would generate some clinical waste. It can be envisaged that it will 
not be significant in quantity although it will require particular collection and treatment 
methods that are outside the scope of this report but would need to be taken in 
consideration in a holistic waste strategy.
Finally, there will be some landscape waste from the green areas in the developments, 
particularly from GreenPark. It could be collected and treated in an anaerobic 
digestion facility or an in-vessel composting system or alternatively it could be left as 
natural compost back to the ground. If the first option is used, the quantities of waste 
expected will not be significant when compared with the amounts of food waste from 
the catering facilities, the offices canteens or the residential properties hence it will not 
be further considered in this report.
The information available for the catering facility and the hotel as well as for the 
remaining buildings is not of residual waste, but generated waste. Nevertheless, given 
their minimum contribution to the total quantities, overall figures will not be heavily 
affected by this inconsistency.
6 .1 .4  S u m m a ry
The total residual waste expected will be over 10,000 tonnes per annum from the 
Prupim developments as shown in Figure 11. Most of the waste will be paper as it is 
the largest waste stream generated by offices although putrescible waste is also a 
sizeable fraction of the residual waste that would be generated by the Prupim 
developments.
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Residual waste composition in Prupim case study 
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Figure 11. Estinnated waste composition from GreenPark, Southside, GreenPark Village and 
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Figure 12. Estimated waste quantity by origin and building type
Figure 12 presents the waste generation by type of building and development showing 
that the offices at GreenPark are the largest waste generator with half of the total 
waste. The remaining office buildings and the residential properties follow it regarding 
waste generation. Regardless of the building location, the largest waste generators
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will be offices totalling 79.9%, shown in red tones in Figure 12, followed by residential 
properties totalling 16.5% and shown in green tones.
6 .2  F u tu r e  e v o lu t io n
Waste quantities and composition generated in the Prupim developments will vary 
with time although it is impossible to ascertain exactly to what extent. Two scenarios 
will explore the long-term potential evolution of waste quantities and composition.
Two possible future scenarios have been modelled to explore the evolution of waste 
arisings for the two building types, namely offices and residential, that are the largest 
waste generators as seen in Figure 12. The two scenarios being considered represent 
extreme, yet possible, evolutions. The first scenario represents a “business as usual” 
model where attention is mostly paid to increase MSW recycling. The second scenario 
is “ ideal” , i.e. waste generation will decrease and recycling rates will increase hence 
leaving minimal quantities of residual waste for treatment and disposal.
6.2.1 O ff ic e  w a s te
Evolution of commercial and industrial waste, and in particular office waste, is not 
driven by legislation, as opposed to MSW that is driven by recycling targets set up by 
Local Authorities. This means that there are not established but aspirational targets.
Current recycling levels are not precisely known as mentioned in section 6.1.2 neither 
are figures on the recycling fraction composition. Nonetheless, a recycling figure of 
26% throughout Prupim’s property portfolio is quoted in their sustainability report 
(Prupim, 2007).
It is very unlikely that the current level of waste generation, recycling, awareness, etc. 
figures will worsen. Therefore, it can be envisaged that a “business as usual” , 
assuming a constant growing rate of 1 %, would be one of the extreme scenarios. On 
the other hand, an “ ideal” scenario will explore an increase in the recycling rate and a 
reduction of waste generation to current best practices across all offices. Figures of 
170 kg/employee/annum from sources in section 6.1.2 are quoted as best practices 
and they could be expected in properties that would be marketed with green 
credentials, as it is currently GreenPark.
According to the data by Cascadia (2006) for large office buildings in California, 68% 
of office waste could be easily or is already recycled. This figure is similar to the 
highest levels of recycling found by WasteWatch (2004) with maximum recycling rates 
of 69% in some surveyed companies and near the 70% quoted as best practice. The 
main waste stream generated in an office is high-grade paper and therefore with a 
great potential for recycling. So it has been estimated that 90% of it could be 
recycled. Similarly, it should be relatively easy to achieve similar long-term recycling 
levels of 90% for metals and glass. If these reductions are achieved, given the average 
office waste composition shown in Table 5, the recycling percentage will reach 63%
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and it can reach an overall recycling figure of 70% if half of the food waste would be 
composted or 70% of the plastics would be recycled therefore proving that these 
values are achievable.
6.2.2 R e s id e n tia l w a s te
Local waste authorities have the duty of producing waste strategies to achieve the 
national targets set up on the latest 2007 England Waste Strategy (DEFRA, 2007). In 
particular, Reading Borough Council has formed the RE3 partnership with Wokingham 
Borough Council and Bracknell Forest Borough Council. As described in section 5.2, 
they have produced a Joint Waste Strategy 2008-2013 (Enviros, 2008) that sets up 
recycling targets for MSW in the boroughs and obtained PFI funding. Because of the 
PFI, recycling targets in the partnership will be above the national averages. Despite 
the RE3 contract targets being based on the Waste Strategy 2000 (DETR, 2000), 
which are lower than In the England Waste Strategy 2007, there is a provision in the 
RE3 contract to review performance and targets with regards to changes in national 
policy and legislation.
The targets to be met by the RE3 partnership include:
• Recover value from 45% of municipal waste by 2010/11 and 67% by 2015/16.
• Achieve a minimum 40% Best Value recycling/composting rate by 2010/11, 
which is a DEFRA conditions for approving PFI waste schemes, and to exceed 
50% during the contract period.
• Meet and exceed the diversion targets for biodegradable waste from landfill as 
specified in the Landfill Regulations. In particular, by 2010 reduce BMW to 
landfill to 75% of 1995 level. By 2013 reduce to 50% of 1995 level and by 2020 
reduce to 35% of the 1995 level.
Regarding waste generation quantities, the RE3 strategy shows that there has been a 
reduction in the past years averaging 3% in Reading as shown in Figure 13.
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Figure 13. Waste arisings evolution in the RE3 councils
With these data, two scenarios can be set. In the first “business as usual” scenario, 
there will be no change in the waste generation rates hence following many UK 
councils, e.g. Woking, where waste generation rates remain stagnant or with minimal 
changes. Regarding recycling, a 50% target will be achieved with a minimum level of 
composting for the putrescible waste of 65%. In order to achieve such a level of 
recycling with the waste composition shown in Figure 10, 75% of the residual, paper, 
metal and glass should be recycled in addition to what it is actually recycled as well as 
50% of the plastic in addition to 65% of the food waste being composted. The second 
“ ideal” scenario will include a constant 3% waste reduction like in previous years and 
the same recycling targets. In that case, the percentages of waste to be recycled will 
remain the same although the quantities to be treated will be much less.
6.2.3 O th e r o f f ic e  b u ild in g  w a s te
Given their relative small contribution to the total waste generation, estimated at 
around 3.6%, the waste arisings from other buildings has assumed to remain constant 
throughout the project life span.
6.2.4 F u tu re  e v o lu t io n  s c e n a r io  s u m m a ry
Table 6 presents the future evolution scenarios for the office and residential waste.
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Initial
conditions
“Business as 
usual” 
scenario
“ Ideal”
scenario
Project lifespan (years) 30 30
Office waste
Recycling 26% 26% 70%
Year to year growth N/A 1.0% -2.9%
Generated (kg/employee) 413.5 557.4 171.0
Residual (kg/employee) 306.0 412.4 51.3
Household waste
Recycling 27% 50% 50%
Year to year growth N/A 0.0% -3.0%
Generated (kg/household) 1,222.4 1,222.4 490.2
Residual (kg/household) 896.0 611.2 245.1
Table 6. Waste quantities and future evolution scenarios
The total amount of residual waste generated increases by 23%, up to 12,590 tonnes 
per annum, in the “business as usual” scenario and it is just 2,205 tonnes per annum, 
i.e. 21% of the initial estimations, in the “ ideal” scenario.
'Business as usual" scenario estimated waste generation 
(12,590 tpa) by type of building and development
0.3%
18.5%
15.3%
0.3%
53.6%
1.1%
■  Office - GreenPark
■  Catering - GreenPark
□  Leisure -  GreenPark
□  Office - Southside 
B Hotel -  Southside
□  Hospital -  Southside
B Residential -  Southside
□  Residential -  GreenPark Village
■  Office - GreenPark Village  
0  School -  GreenPark Village
□  Hospital -  GreenPark Village
□  Office - Science Park
Figure 14. Estimated waste quantity by origin and building type
EngD Dissertation Volume II Page 156
Similarly to Figure 12, Figure 13 and Figure 14 show the estimated waste quantities in 
scenario one and two respectively by type of building and location with office waste 
shown in red shades, residential in green and other buildings in blue.
"Ideal" scenario estimated waste generation (2,205 tpa) by 
type of building and development
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Figure 15. Estimated waste quantity by origin and building type
6 .3  C o n c lu s io n
This section has presented the estimated waste arisings from GreenPark, Southside, 
GreenPark Village and the Science Park and two scenarios describing their potential 
evolution in a 30 year time frame.
The initial calculations showed that over 10,000 tonnes of residual waste would be 
generated per annum from the four Prupim developments if they were fully built. The 
figures obtained for the alternative evolution scenarios range between an increase of 
23% in the “business as usual” or a reduction of 79% in the “ ideal” scenario from the 
original estimations. It is likely that existing legislation and drivers force the waste 
arisings evolution closer to the “ ideal” than the “business as usual” scenario.
Offices, and in particular those at GreenPark, are the largest waste generators 
followed by residential. These two categories represent almost 95% of the waste 
arisings. Because paper is the largest waste stream found in office waste, it is also the 
main waste fraction, over 57% of the total, present in the residual waste from the 
whole development. The second largest waste stream identified representing around 
20% of the total residual waste is putrescible waste, mostly coming from residential 
kitchens.
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7 Technical analysis. Screening phase.______________
The technical analysis presented in this section matches the screening phase of the 
decision support tool (DST) as shown in Figure 2.
In section 6, the amount of waste generated if all developments were fully built now, 
was estimated. These estimations will be used in this section to explore the technical 
feasibility of treating residual waste with different EfW technologies. Additionally, this 
section will explore the land requirements to fit an EfW plant. Finally, the conclusions 
of the analysis of waste and land availability and other relevant criteria will be 
summarised in section 7.3.
7 .1  W a s te  a v a i la b i l i t y
Initial calculations showed that more than 10,000 tonnes of residual waste would be 
generated per annum in the four Prupim developments if they were fully built the 
largest fraction being paper (57%) followed by putrescible waste (20%) as shown in 
Figure 11.
Despite these quantities being quite high and a challenge for any waste management 
system, they need to be compared with the capacities of smallest EfW plants that are 
currently feasible in the UK. Table 7 presents plant capacities of currently existing or 
proposed EfW technologies that would operate economically in the UK as well as the 
commercial status of the technology in the UK.
Minimum suitable 
feedstock capacity in 
tonnes per annum
Type of suitable 
feedstock Proven in UK?
Anaerobic
Digestion 5,000
Organic waste free of 
plastics and other 
contaminants 
segregated at 
source.
Limited commercial 
operation.
Incineration 60,000 Most wastes Good track record
Gasification/
Pyrolysis
30,000
Homogeneous 
waste, e.g. RDF, 
usually pre- 
processed.
Pilot scale only. First 
commercial plants 
starting operation 
2008/09.
Table 7. EfW technology minimal economic plant capacity, suitable feedstock and commercial 
status in UK
Waste quantities actually processed in EfW facilities are just a fraction of the total 
available quantities estimated in section 6. This is due to pre-processing requirements
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(e.g. RDF manufacturing) and unavoidable factors such as cross-contamination and 
limited participation rates in the source segregation schemes. Figure 16 shows the 
waste flows through the different waste management activities in one of the scenarios 
in the environmental model.
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Figure 16. Environmental model waste flows
For example, according to WRATE data, only around 60% of the residual waste 
processed in the dirty MRF is transformed into RDF and just 3% is recovered as 
recyclable metals the rest ending in landfill. Similarly, not all putrescible waste 
generated is available for processing at and AD plant. Following WRAP data (WRAP, 
2008 Section 4) it has been estimated that 75% of the estimated putrescible waste will 
actually be collected and processed by an AD plant the rest being contaminated or 
not segregated at source hence not suitable for AD treatment.
Table 8 summarises the estimated residual waste quantities available for the EfW 
plants according to these assumptions.
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Potential estimated 
quantity that could 
be treated by each 
EfW technology
Limiting factor
Percentage 
of original 
feedstock 
available for 
EfW plant
Estimated quantity 
of suitable 
feedstock to be 
processed by each 
EfW technology
Anaerobic
Digestion 2,047 tpa
Participation 
rate and cross­
contamination.
75% ~ 1,500 tpa
Incineration 10,273 tpa
No limiting 
factor 100% ~ 10,000 tpa
Gasification 10,273 tpa
RDF
manufacturing
process
60% ~ 6,000 tpa
Pyrolysis 10,273 tpa
RDF
manufacturing
process
60% ~ 6,000 tpa
Table 8. Estimated quantities of suitable feedstock available for different EfW technologies.
On a first approach, comparing figures in Table 7 and Table 8, no EfW plant would be 
feasible. However, until now, only the possibility of treating waste arising from the four 
Prupim developments has been considered. Notwithstanding, an EfW plant must be 
seen as part of a wider waste strategy, in this case the RE3 partnership waste 
strategy.
The targets in the strategy are quite challenging and need to be delivered though the 
use of adequate resources. In particular, in order to increase recycling to achieve the 
targets, two MRFs have been built or upgraded with PFI credits from DEFRA. 
However, there is still a possibility of an EfW plant helping to achieve other targets 
such as the increased percentage of recovery value from waste and biodegradable 
waste diversion from landfill. For example, a small thermal treatment plant could 
recover some energy from the RDF produced in the MRFs or anaerobic digestion 
could help to achieve the biodegradable waste diversion targets.
The availability of waste at a regional scale can be estimated using data from the 
Business Waste Survey (Scott Wilson, 2008) and also from the MSW statistics 
published in ORIS (WRAP, 2006/07).
Food and garden waste segregated by business is around 5% and 7% respectively of 
the over 1,300,000 tonnes per annum of commercial and industrial waste generated in 
the RE3 councils. Therefore, 156,000 tonnes of suitable feedstock might be available 
for an AD plant.
Regarding MSW, a “gap” of 30,000 tonnes of biodegradable waste by 2020 has been 
identified as the difference between the landfill allowances and the estimated amount
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of biodegradable waste arisings. Allowances are the maximum quantities of 
biodegradable waste that authorities can send to landfill under the Landfill Allowance 
Trading Scheme (LATS) established in England under the Waste and Emissions 
Trading Act 2003 following the Landfill Directive (European Commission, 1999). This 
gap should be covered with mitigation measures or building new treatment capacity 
like for example EfW plants.
In addition, around 60% of the estimated 220,000 tonnes per annum of MSW are still 
being landfilled and 19% and 25% of the commercial and industrial waste respectively 
is not segregated or considered as residual. Therefore, it can be envisaged that some 
suitable feedstock for an EfW thermal treatment facility could exist in those streams to 
top up the waste generated in the Prupim developments.
Furthermore, EfW feasibility needs to be explored also in the long term considering 
possible future evolution modelled in the two scenarios described in section 6.2. The 
results of the first scenario, i.e. 23% more residual waste due to increasing office 
waste, means that more organic waste could be treated in an anaerobic digestion 
plant. However, the total quantities are still well below the minimum economic thermal 
plant capacities.
On the second scenario, a drastic reduction to just 21 % of the initial residual waste in 
30 years means that unless large quantities of waste will be sourced from elsewhere, 
there will be not enough waste to justify an EfW plant.
In summary, GreenPark and the adjacent developments do not generate enough 
waste to justify an EfW plant although enough waste might be sourced from elsewhere 
in the RE3 partnership in the context of a wider waste strategy making an EfW plant 
potentially feasible. The possibility of sourcing this extra feedstock and its associated 
risks need to be carefully considered hence this will be one of the criteria to score and 
weight in section 7.3.
In any case, due to land availability restrictions, any proposed technology should fit 
within the allocated plot and this is discussed in the next section.
7.2 Land availability
Land availability is one of the largest problems found in many EfW projects. Process 
equipment, feedstock and ash storage, vehicle manoeuvring areas and ancillary 
equipment such as weighbridges etc. need to be accommodated in a limited plot of 
land that many times is in competition with other infrastructures.
Area requirements vary with technology and, in general, thermal treatment plants are 
smaller than biological treatment plants for the same capacity. Table 9 presents 
maximum, minimum and average ratios of hectares to thousands of tonnes capacity 
for different EfW technologies.
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Technology Unit Average Maximum Minimum
Anaerobic Digestion Hectares per 
thousand tonnes 
of capacity
0.053 0.214 0.011
Gasification/Pyrolysis 0.028 0.185 0.003
Incineration 0.021 0.053 0.005
Table 9. Average, maximum and minimum land to capacity ratios for different technologies.
If these ratios are applied to the minimum economic sizes presented in Table 7, the 
required area in hectares will be:
Technology Capacity (tonnes per annum)
Average
(hectares)
Maximum
(hectares)
Minimum
(hectares)
Anaerobic Digestion 5,000 0.26 1.07 0.05
Gasification/Pyrolysis 30,000 0.84 5.54 0.09
Incineration 60,000 1.31 3.21 0.30
Table 10. Average, maximum and minimum land requirements.
As shown in Figure 8, the area of plot 1 is around 1 hectares and therefore, only an 
anaerobic digestion plant of 5,000 tonnes or a gasification or pyrolysis plant of 30,000 
tonnes per annum would fit within it.
7.3 Criteria for scoring and weighting
Despite the mere figures of available waste not justifying an EfW plant to treat waste 
only from the Prupim developments, such a facility can still help to achieve the 
ambitious targets of the regional waste strategy.
Having considered the waste estimation figures, land availability and minimum 
economical scales for different EfW technologies, incineration has been discarded. 
Even the smallest incineration plant would require more land that it is available and 
waste from the four Prupim developments would only be around a sixth of the 
required feedstock to run the plant for a year. Consequently, only anaerobic digestion 
and either gasification or pyrolysis are presented for further consideration.
Following the discussion on section 7.1, Table 11 summarises the waste quantities, in 
tonnes per annum, that would be required to supply enough feedstock to make 
feasible a given technology. It also presents the “waste quantity multiplier” , i.e. the 
number of “Prupim developments equivalents” necessary to supply enough feedstock 
to make the considered EfW technology feasible. The multiplier is an indication of the 
extra waste that would need to be sourced to supply a plant of the stated capacity.
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Prupim
developments
Feasible
Anaerobic
Digestion
Feasible
Gasification/
Pyrolysis
Total scenario residual waste 10,273 33,284 49,926
Residential waste 1,691 5,478 8,218
Non-MSW waste 8,582 27,806 41,708
Waste quantity multiplier N/A 3.24 4.86
EfW plant capacity N/A 5,000 30,000
Table 11. Waste quantities per scenario to supply EfW design capacities.
Finally, Table 12 presents a summary of the technical criteria that will need to be 
scored and weighted as explained in section 3.2.
Anaerobic Digestion Gasification/Pyrolysis
Technical characteristics
Plant annual 
capacity in tonnes 
per annum
5,000 30,000
Plant footprint in 
hectares
0.26 0.84
Criteria fo r scoring and weighting
Amount of suitable 
feedstock available 
from Prupim 
developments.
Only 1,500 tonnes of suitable 
feedstock per annum would 
be generated by the Prupim 
developments.
The available quantity is likely 
to decrease in the long term.
Only 6,000 tonnes per annum 
of RDF would be produced 
with the waste generated 
within the four Prupim 
developments.
In the long term, the waste 
generation is likely to reduce.
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Anaerobic Digestion Gasification/Pyrolysis
Availability of 
external suitable 
feedstock and 
long-term supply
3,500 tonnes per annum of 
suitable feedstock extra will 
be required to run the plant. 
This is equivalent to 3.24 
“Prupim developments”.
Existing targets in the regional 
MSW strategy mean that 
more source segregated food 
waste will be collected in the 
region to achieve LATS 
targets. Moreover, food and 
garden waste are already 
segregated by businesses in 
the RE3 councils representing
156,000 tonnes of waste 
potentially available.
There are no public plans for 
anaerobic digestion or 
composting plants in the RE3 
strategy hence a relatively 
constant and secure supply of 
suitable feedstock in the long 
term could be envisaged.
24,000 tonnes per annum of 
suitable feedstock extra will 
be required to run the plant. 
This is equivalent to 4.86 
“Prupim developments” .
As part of the existing regional 
waste strategy, two MRF have 
been built to increase
recycling. Refuse derived fuel 
could be produced in these 
plants from 60% of the
estimated 220,000 tonnes per 
annum of MSW are still being 
landfilled or the 19% and 25% 
of the business waste not
segregated or considered as 
residual.
There are nearby proposed 
large thermal treatment plants 
nearby (e.g. Colnbrook) that 
could compete for the
feedstock.
Availability of land
There is enough land to build 
the plant.
There is enough land to build 
the plant.
Is the technology 
proven in the UK?
There is a limited commercial 
operation on source 
segregated MSW in the UK 
(e.g. Greenfinch plant in 
Ludlow) although it is well 
proven in continental Europe 
(Germany, Spain, etc.)
Until very recently there were 
only pilot demonstration 
plants (e.g.
CompactPower/Ethos in 
Avonmouth and Yorwaste 
plant at Scarborough). In 2008 
the gasification plant in the 
Isle of Wight started operation 
and there are a few others 
due to start operation in 2009. 
The technology has a good 
operational record in 
Scandinavian countries.
Table 12. Technical criteria for consideration.
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8 Environmental analysis. Multi criteria analysis phase
This section presents the results of the environmental analysis that has been carried 
out for different scenarios for the selected EfW technologies after the screening 
phase, i.e. anaerobic digestion, gasification/pyrolysis, as well as a “business as usual” 
scenario. The environmental analysis is part of the MCDA phase of the DST as shown 
in Figure 2.
Each scenario is defined by the quantities and composition of the residual waste 
managed in it, the technology used to treat the waste and some additional 
background information. Dealing only with residual waste assumes EfW will not 
compete with current recycling activities and that an increase in recycling would mean 
a reduction in the residual waste available as described in section 6.1.
8.1 Introduction
This environmental analysis, as well as the economic analysis described in section 9, 
has used a life cycle approach and used life cycle assessment (LCA) tools. LCA is one 
of the most widely accepted and used analytical tools for evaluating environmental 
aspects under a life cycle perspective. Moreover, LCA is described in the ISO 14040 
family and it has been used in the past to inform waste management process 
selection and design.
This analysis has been done using WRATE that is a commercial simplified life cycle 
analysis software for waste management developed for the Environment Agency. The 
current version 1.0.1.0 was first released on April 2007. WRATE is an acronym for 
Waste and Resources Assessment Tool for the Environment and contains site process 
data collected from 140 waste management processes that have been validated and 
peer reviewed following ISO 14040 guidelines. These processes are representative of 
best available technology in the UK or Europe in the first instance, and elsewhere 
when relevant. WRATE could calculate separately the environmental impacts of the 
waste storage, collection, transport, treatment and disposal phases.
In order to carry out a LCA study a “functional unit” needs to be defined. In this case 
study, the functional unit is the amount of waste generated during a year in the Prupim 
developments plus any additional waste deemed necessary to run the EfW plant at its 
nominal capacity managed in a year within. The waste quantities that define the 
functional unit for each scenario were shown in Table 11.
Additionally to the functional unit, another two LCA concepts are required, the 
foreground and background systems. The foreground system comprises “the waste 
management activities themselves, from where the waste arises, through the 
beneficial recovery of materials and/or energy, to emissions to the environment.” (Clift 
et al., 2000). Conversely, the background system consists of “the economic activities 
which exchange materials and energy with the foreground system” (Clift et al., 2000).
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In the case of waste management, the background system includes avoided impacts 
by recycling and energy generation. The background system environmental impacts 
need not to be traced to their origins and they can be obtained from a reliable 
database. In particular, WRATE uses the Ecolnvent 1.2 database. Background 
systems may evolve with time and in WRATE it is necessary to choose the year of the 
study to use information on the electricity generation mix for that particular year. In 
this case study, year 2009 has been chosen although this is changed in section 10.11 
for the sensitivity analysis. Figure 17 shows the percentages of the electricity baseline 
and marginal generation mix for 2009. For the heat displaced, it has been assumed 
that it would come from low NO  ^boilers larger than 100 kWh using natural gas.
WRATE Baseline fuel mix 2009
7 .3 %  1.8%
WRATE Marginal fuel mix 2009
2 6 .8 % ■  Coal
□  Oil
□  Gas
B Gas CCGT 
B Nuclear
■  Thermal other
■  Renewables thermal
□  Wind
□  Hydro
Figure 17. WRATE baseline and marginal fuel mix in year 2009
Environmental analysis results are presented as impacts and they are grouped under 
categories. Impacts can be positive or negative; a negative value represents an 
“avoided impact” , e.g. recycling metals uses less resources and generates less global 
warming gases than producing them from their ores. Contrarily, a positive value 
means that there is an adverse environmental impact as a consequence of the waste 
processes modelled, e.g. emissions of greenhouse gases when waste is burnt. The 
results of the following impact categories are the criteria to be considered in the final 
decision making process:
Abiotic resource depletion (ARD). This category represents the use of abiotic 
resources that “are natural resources, including energy, regarded as non­
living” (Guinee et al., 2001).
Global warming (GW100). Certain chemical species affect the fine equilibrium 
of the earth’s radiative budget. Their effect is usually measured through their 
contribution to the enhanced greenhouse effect over a period of 100 years as 
defined in Houghton (2001).
Human toxicity (HT). This category describes the effects of toxic substances 
present in an ecosystem affecting human health as defined by Huijbregts 
(1999; 2000) similarly to the freshwater aquatic ecotoxicity.
Freshwater aquatic ecotoxicity (FAETP). This category covers the impacts of 
toxic substances on fresh water ecosystems as defined by Huijbregts (1999; 
2000).
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• Acidification (AP). The accumulation of certain chemical species in the soil, 
water and air may lead to their acidification with negative consequences as 
defined by Huijbregts (1999)
• Eutrophication (EP). This category describes the negative consequences of 
high concentration of nutrients, mostly nitrogen and phosphorous, in aquatic 
and terrestrial ecosystems, e.g. by contributing to excess of biomass formation 
as defined by Heijungs (1992)
These categories are not directly comparable amongst themselves because they are 
defined and expressed in different units. However, WRATE makes results comparable 
and more understandable through a normalization procedure that presents the 
impacts in each category in terms of the number of typical European citizens that 
would have the same impact.
8.2 Scenario description
In the environmental and the economic models, it has been assumed that extra 
feedstock will be available to run the proposed EfW plants at their design capacity. 
The exact waste quantities for each scenario were summarised in Table 11 although 
they are repeated for each particular scenario in Table 13 Table 14. As noted in 
section 7.3, the availability of extra waste is one of the criterion to be scored and 
weighted in the screening phase.
In addition to waste and energy information, scenarios are customised to represent 
accurately the particularities of the four Prupim developments with information from 
Mr. Mike Brazell, facilities manager at 100 Longwater Avenue building, sales 
representatives and the web page of Grundon, one of the waste collection and 
treatment companies in GreenPark, and geographical information from Google Maps. 
Further information on the waste collection, transport and disposal can be found in 
Appendix II.
Regarding waste collection, it has been assumed separate collection of dry 
recyclables and residual waste in the scenarios where gasification and pyrolysis are 
analysed. This is actually the case in reality and in the business as usual scenario. In 
the scenarios where anaerobic digestion is proposed, food waste is assumed to be 
source segregated in addition to the other two streams.
Recycling processes have only been modelled for metals because only residual waste 
is considered in the scenarios and therefore it is assumed that other recyclables are 
treated elsewhere. In addition to metal recycling, compost produced in the anaerobic 
digestion scenarios is assumed to be used as fertiliser.
Table 13 presents a summary of the anaerobic digestion scenarios.
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Project Information
Name
Prupim developments in Reading. 
Anaerobic Digestion Scenarios
Population
Equivalent population 10,000
People per household 2.3
Energy
Baseline electricity mix UK 2009. (WRATE internal database). See Figure 17
Marginal electricity mix UK 2009. (WRATE internal database). See Figure 17
Waste
Quantity 33,284 tonnes per annum
Composition
Residential waste: 5,478 tonnes per annum. 
Non-MSW waste: 27,806 tonnes per annum. 
See composition details in Appendix I.
Plant/facilities capacity
AD G reenfinch  with  
C H P
AD G reenfinch  w ithout 
C H P
5,000 tonnes per annum
FTFTëTï 60,000 tonnes per annum
Dirty M R F
250,000 tonnes per annum
Landfill
Transport distance facilities
Refuse collection vehicles
20 km round trip with distribution 
25% urban 
25% rural 
50% highway
Table 13. Anaerobic digestion scenario summary.
The summary of the assumptions in the gasification and pyrolysis scenarios are 
presented in Table 14.
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Project Information
Name
Prupim developments in Reading. 
Gasification and Pyrolysis Scenarios
Population
Equivalent population 10,000
People per household 2.3
Energy
Baseline electricity mix UK 2009. (WRATE internal database). See Figure 17
Marginal electricity mix UK 2009. (WRATE internal database). See Figure 17
Waste
Quantity 49,926 tonnes per annum
Composition
Residential waste: 8,218 tonnes per annum 
Non-MSW waste: 41,708 tonnes per annum 
See composition details in Appendix I.
Plant/facilities capacity
G asification  n o n -C H P  
E nergos
Pyrolysis non C H P  
C o m p a c t P o w e r
G asification  E nergo s  
with C H P
Pyrolysis. C o m p a c tP o w e r  
with C H P
30,000 tonnes per annum
60,000 tonnes per annum
Dirty M R F
250,000 tonnes per annum
Landfill
Transport distance facilities
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Refuse collection vehicles
20 km round trip with distribution 
25% urban 
25% rural 
50% highway
Table 14. Gasification/Pyrolysis scenario summary.
8.3 Criteria for scoring and weighting
This section presents the results of the environmental analysis carried out with WRATE 
for the different scenarios described above. The results are presented numerically in 
Table 15 and graphically in Figure 18 for each for the environmental impact categories 
described in section 8.1.
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Figure 18. Environmental analysis graphical results.
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Anaerobic Digestion Gasification Pyrolysis
Business 
as usual
without
CHP with CHP
without
CHP with CHP
without
CHP with CHP
SCENARIO INFORMATION Figures in tonnes per annum)
Total
scenario
waste
33,284 33,284 49,926 49,926 49,926 49,926 49,926
MSW 5,478 5,478 8,218 8,218 8,218 8,218 8,218
Non-
MSW
27,806 27,806 41,708 41,708 41,708 41,708 41,708
EfW
plant
capacity
5,000 5,000 30,000 30,000 30,000 30,000 0
SCENARIO RESULTS (Figures in European people ec uivalent)
ARD -653.0 -860.0 -2,606.0 -4,791.0 -3,101.0 -5,111.0 -1,202.0
GW100 372.0 294.0 -454.0 -1,247.0 193.0 -537.0 667.0
HT 81.9 13.2 -6.2 -33.6 4.2 -21.0 1.0
FAETP 129.0 -221.0 -331.0 -442.0 -395.0 -498.0 -353.0
AP 50.4 5.0 -73.7 -201.0 -175.0 -293.0 -68.6
EP 68.5 53.8 100.0 69.9 73.1 45.4 97.5
Table 15. Environmental analysis results for scoring and weighting.
The results of the ARD and GW100 categories are much larger than the other impact 
categories results. The negative values in the ARD category for each scenario mean 
that any EfW technology brings large environmental benefits. However, because 
WRATE assumes that landfill gas is used to generate energy, the two AD scenarios 
perform worse in this category than the reference “business as usual” , i.e. all to 
landfill, scenario. Nonetheless, AD results are better in the GW100 category and 
comparable to the reference scenario in the other categories. Gasification and 
pyrolysis results are comparable amongst themselves in all categories, clearly better 
than AD in the ARD and GW100 categories and similar in the others.
Another aspect that can be highlighted is that CHP options present better results than 
their non-CHP equivalents. This is due to the better use of resources by these 
technologies, i.e. more energy is generated and resources saved by CHP units than by 
non-CHP.
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9 Economic analysis. Multi criteria analysis phase
This section presents the economic analysis that has been carried out for the 
scenarios described in section 8.2.
9.1 Introduction
The analysis has been carried out using a bespoke economic model using Microsoft 
Excel. The economic model has inputs from the waste estimation tool and the 
environmental model and can do a life cycle costing (LCC) assessment of an EfW 
facility. LCC incorporates life cycle thinking and can contemplate current and future 
capital and operating costs as well as revenues over the whole life of a facility. The 
quantitative results of the model, net present value, payback period and initial capital 
cost are the economic criteria that will be presented for consideration and weighting in 
the decision support tool. All economic data are updated to 2009 and the results are 
presented in constant 2009 sterling pounds.
Income streams to an EfW facility have been grouped under two categories: revenues 
and incentives whereas expenses have been grouped under capital and operational 
costs as shown in Figure 19.
INCOMES
REVENUES:
• Gate fees
• Energy sales
' Recovered 
products sales
INCENTIVES:
• Renewable 
Obligation 
Certificates (ROC)
• Climate Change 
Levy certificates
Figure 19. Life Cycle Costing incomes and expenses.
EXPENSES
CAPITAL COSTS:
• Design
• Construction
• Equipment acquisition
OPERATIONAL COSTS:
• Labour
• Maintenance
• Consumables
• Residual disposal
The model has been created with data from several sources mostly for the UK 
although some European data have also been used. The sources range from 
information published for current PFI waste contracts, existing waste strategies, data 
from the old Environment Agency’s Waste Technology Data Centre, different
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Government departments such as BERR and DEFRA, to information from 
manufacturers and scientific publications.
9.2 Assumptions
This section presents the typical values for the income and revenues streams that 
have been assumed in the model. The most relevant assumptions are presented here 
and further details can be found in Appendix III.
• Project start and lifespan. The project is assumed to start the 1st of January 
2009 with the plant fully built and in operation after two years, i.e. the 1st of 
January 2011. The economic lifespan of the project is assumed to be 30 years 
although it is likely that the plant could still operate after that time.
• Operating hours. The plants have been assumed to operate for 8,000 hours of 
the year generating energy. This 91 % availability is average for EfW plants with 
the remaining time assumed to be for maintenance and unplanned outages.
• Discount factor. A discount factor in the project finances of 6% annually has 
been assumed. This is between the threshold of 3.5% set up by the 
Government in their projects and potentially much higher figures that might be 
sought by speculative commercial projects.
• The plants operate at 100% of their design capacity during all their lifespan 
and generate electricity that is sold without restriction to the grid or nearby 
users.
• Following the previous assumption, if the plant is CHIP enabled, it will produce 
heat constantly, although perhaps not all of it can be used if there is no 
demand. Therefore, even if the plant can generate more than 3.3MWth, the 
base heat load identified later in this section, only that amount can be sold with 
the rest being dump.
• If heat is generated, it will be sold at retail prices to the properties in the four 
developments
In order to analyse the economic aspects of an EfW facility for the Prupim 
developments, the thermal and electricity demands have been modelled using 
benchmarks from GIBSE, BSRIA and previous Buro Happold projects. The outputs of 
the model are summarised in Table 16, Figure 20 and Figure 21.
Thermal Electric
Annual energy demand 45,400 MWhth 24,957 MWhe
Diversified energy peak 15.3 MWth in February 6.3 MWe in Winter
Table 16. Energy model summary values.
Figure 20 shows the estimated electric daily demand for the different seasons in the 
year.
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Figure 20. Estimated electric demand for the four PRUPIM developments.
Figure 21 shows the estimated heat demand for a typical day in each month and also 
shows the thermal output of CHP system generating around 3.3 MWth constantly. If 
the Prupim developments were to have a CHP system, it would have that size, operate 
for around 5,000 hours a year and supply the base thermal load necessary for the 
developments. This value will be used as reference in section 9.4.
Heat and Hot W ater demand (kWh)
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Figure 21. Estimated thermal demand and base load for CHP in the four PRUPIM developments
9.3 Results without CHP
This section presents the results of the economic model for two EfW plants without 
CHP capability, i.e. generating electricity only. The first one is an anaerobic digestion 
plant treating 5,000 tonnes per annum and the second is a gasification or pyrolysis 
plant with a design throughput of 30,000 tonnes per annum of feedstock.
Table 17 presents the material inputs and outputs from the economic model.
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Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Material inputs (in tonnes per annum)
Feedstock generated from Prupim developments 1,542 6,087
Additional feedstock required 3,458 23,913
EfW feedstock input 5,000 30,000
Material outputs (in tonnes per annum)
Recyclable metal - 1,500
Digestate 2,600 -
Bottom ash - 5,850
Material to landfill 365 1,950
Material to hazardous landfill - 600
Table 17. Economic model material inputs and outputs for non-CHP plants.
The energy output characteristics from the plants for the non-CHP EfW scenarios are 
summarised in Table 18.
Unit
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Electric energy
Energy produced MWhe per annum 1,374 19,894
% of developments’ demand % 5.5 79.7
Plant output MWe 0.17 2.49
Net energy kWhe per tonne 275 663
Table 18. Economic model energy outputs for non-CHP plants.
Figure 22 presents the NPV evolution for a 5,000 tonnes per annum AD plant without 
CHP throughout its lifetime. The graph shows clearly the initial capital cost, simple 
payback period and the final net present value that are the criteria to be weighted. 
Another result that could be obtained is the internal rate of return, i.e. the discount 
factor to zero the NPV at the end of the plant lifetime. Despite not shown in the graph, 
it is calculated and presented in Table 19.
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NPV of Anaerobic Digestion without CHP treating 5000 tpa
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Figure 22. Anaerobic digestion without CHP economic model results for weighting
Figure 23 presents the detailed evolution of all the revenues and expenses of a 5,000 
tonnes per annum AD plant without CHP although they can be seen in more detail in 
Appendix IV.
Incentives of Anaerobic Digestion without CHP treating 5000 tpa
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Revenues of Anaerobic Digestion without CHP treating 5000 tpa
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Operational costs of Anaerobic Digestion without CHP treating 5000 tpa Capital costs of Anaerobic Digestion without CHP treating 5000 tpa
% 350 
» 300 
i  250 
o 200 
H  150
O Norvhazardous B Hazardous
■  Salary □  Overheads
O Insurance ■  Maintenance
■ Consumabies+vehicles □  Transport
■  Additional cost due to district heating
Figure 23. Anaerobic digestion without CHP economic model revenues and expenses
Similarly, Figure 24 presents the evolution of the net present value of a 30,000 tonnes 
per annum gasification or pyrolysis plant without CHP throughout its lifetime.
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NPV of Gasification without CHP treating 30000 tpa
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Figure 24. Gasification/pyrolysis without CHP economic model results for weighting
Incentives of Gasification without CHP treating 30000 tpa
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Figure 25. Gasification/pyrolysis without CHP economic model revenues and expenses
Figure 25 shows the evolution of each income and expense stream for a 30,000 
tonnes per annum gasification plant without CHP although they can be seen in more 
detail in Appendix IV.
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The results presented graphically in Figure 22 and Figure 24 as well as the internal rate 
of return are summarised in Table 19 and these will be the criteria to be scored and 
weighted.
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Initial capital cost £2,787,044 £15,459,549
NPV after 30 years @ 6% discount rate £287,725 £12,595,770
Payback (years) 24 12
Internal Rate of Return 8.5% 12.4%
Table 19. Economic results for weighting for non-CHP technologies
9.4 Results with CHP
EfW non-CHP facilities generate electricity only and dump heat although it could be 
harnessed making it available to supply nearby demand. Despite this alternative not 
being very common in the UK, many big European cities, and in particular in 
Scandinavian countries, are heated with this method.
Figure 21 showed the estimated hourly demand for a typical day for each month of the 
year and that a CHP system with a capacity of 3.3 MWth would be the adequate size 
to supply the base load of the Prupim developments. A CHP of that size operating for 
around 5,000 hours, the standard for a CHP system operating in base load conditions, 
would generate around 17,000 MWhth, equivalent to around 37% of the developments’ 
demand. In this pre-feasibility study it has been assumed that extra heat will be 
dumped and peak demand will be met with other means such as gas boilers. This is 
because EfW plants cannot be easily modulated and because a detailed study of the 
EfW with CHP plant operation is outside the scope of this pre-feasibility study.
Heat needs to be transported from the EfW plant to the final consumers, e.g. 
residences, offices or hotels, via a district heating network that consist of insulated 
pipes that branch to each final consumer. In the customer premises, a heat exchanger 
provides heat to the customer site whilst a heat meter allows billing the energy 
supplied by the network as shown in Figure 26. Figure 27 shows with a green shadow 
the area within a 1.5 km radius of the potential location of the EfW plant and the 
Prupim developments in other colours. Therefore, it has been assumed that a district 
heating system of three km will cover all developments.
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Figure 26. District heating pipes and domestic heat exchanger unit (Alfa Laval).
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Figure 27. Potential heat supply area within a 1.5 km radius from the EfW plant from Google maps.
Financing and building the district heating network and designing the EfW plant with 
CHP capacity implies extra capital and operational costs. Additionally, individual 
customer relationship, billing, maintenance, and many other activities associated with
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running the heat equipment are burdensome for the developer and are usually 
offloaded to a specialised energy services company (ESCO). Different approaches 
ranging from a total control to a complete independent operation can be taken 
depending on the financing capacity, grade of involvement and technical knowledge 
of the developer.
In this case, it has been assumed that building and operating the district heating 
network will be done by an ESCO hence only the additional capital cost of the plant 
will be born by the developer. In percentage, these can be up to 15% (Patel et al., 
1996; Ernst and Young, 2007) although some sources do not quote any additional 
increase. Therefore, an average increase of 8% will be used. Nevertheless, the 
influence of these parameters will be analysed with a sensitivity analysis. This 
assumption means that heat will be sold at wholesale prices to the ESCO that would 
resell it to the customers at the retail price.
Unit
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Electric energy
Energy produced MWhe per annum 1,070 19,673
% of developments’ demand % 4.3 78.8
Plant output MWe 0.13 2.46
Net energy kWhe per tonne 214 656
Thermal energy
Energy produced MWhth per annum 1,546
17,000
(39,788)
% of developments' demand % 3.4
37.4
(87.6)
Plant output MWth 0.19
3.3
(4.97)
% of the 3.3 MWth baseload % 5.8
100
(150.6)
Net energy kWhth per tonne 309 1,326
Table 20. Economic model energy outputs for non-CHP plants.
The material inputs and outputs are the same for the plants with and without CHP 
hence the figures in Table 17 are still valid. Table 20 shows the summary of the 
thermal energy and the electricity that the different EfW plants with CHP could 
generated depending on the use of AD or gasification/pyrolysis. The figures in 
brackets are the figures that could be achieved if all heat could be sold.
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Figure 28 presents the evolution, in constant 2009 sterling pounds, the NPV for a
5,000 tonnes per annum AD plant with CHP throughout its lifetime whilst showing 
clearly the initial capital cost, simple payback period and the final net present value, 
negative in this case, that are the criteria to be scored and weighted.
NPV of Anaerobic Digestion with CHP treating 5000 tpa
0.5
0.0
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Figure 28. Anaerobic digestion with CHP economic model results for weighting
Similarly to Figure 23, Figure 29 presents the detailed evolution of all the revenues and 
expenses of a 5,000 tonnes per annum AD plant with CHP although they can be seen 
in more detail in Appendix IV.
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Figure 29. Anaerobic digestion with CHP economic model revenues and expenses
For a gasification/pyrolysis plant treating 30,000 tonnes per annum with CHP, Figure 
30 shows the net present value time evolution as well as the initial capital cost and 
simple payback period. These results have been obtained assuming only 17,000 MWh 
of heat can be sold per annum.
NPV of Gasification with CHP treating 30000 tpa
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Figure 30. Gasification/pyrolysis without CHP economic model results for weighting
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Figure 31. Gasification/pyrolysis with CHP economic model revenues and expenses
Figure 31 shows the evolution of each income and expense stream for a 30,000 
tonnes per annum gasification plant that can export heat. Appendix IV presents these 
results in more detail.
The results presented graphically in Figure 28 and Figure 30 are the criteria to be 
weighted and are summarised in Table 21.
Anaerobic 
Digestion 
with CHP
Gasification/ 
Pyrolysis with 
CHP
Initial capital cost £2,996,073 £16,619,015
NPV after 30 years @ 6% discount rate -£357,048 £11,872,517
Payback (years) >30 13
Internal Rate of Return 4.5% 11.7%
Table 21. Economic results for weighting for CHP technologies
9.5 Criteria for scoring and weighting
From Table 19 and Table 21, presented here combined in Table 22, it can be seen that 
gasification and pyrolysis technologies present a quicker return on investment than 
AD, although at the expense of a much higher initial capital cost.
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Anaerobic 
Digestion 
with CHP
Gasification/ 
Pyrolysis 
with CHP
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Initial capital 
cost
£2,996,073 £16,619,015 £2,787,044 £15,459,549
NPV after 30 
years @ 6% 
discount rate
-£357,048 £11,872,517 £287,725 £12,595,770
Payback (years) >30 13 24 12
Internal Rate of 
Return
4.5% 11.7% 8.5% 12.4%
Table 22. Economic results for weighting for CHP and non-CHP technologies
NPV of Anaerobic Digestion with CHP treating 5000 tpa
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Figure 32. Economic criteria results comparison of an AD plant with and without CHP treating 
5,000 tpa
These results show that gasification/pyrolysis plants are much more expensive than 
AD but they have quicker payback periods and higher final NPV. The comparison 
between CHP and non-CHP options, e.g. AD in Figure 32, show that the former are 
more expensive than the latter and that because of the lower electric efficiencies of 
CHP plants and lower prices of heat in comparison with electricity the extra revenue 
does not compensate the initial investment. Therefore, despite CHP plants being more 
efficient, they may attract less revenues overall. In conclusion, CHP options have 
longer paybacks and lower NPV and in the case of AD, they make the project not 
feasible when compared with non-CHP options.
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10 Sensitivity analysis
In this section, the effects that some parameters may have over the model’s results 
are explored. Each sub-section describes the potential effects that changes in a single 
factor, all the rest remaining equal, will have over the economic or the environmental 
results.
10.1 Influence of the quantities o f waste processed on the 
economic criteria
Figure 33 presents the NPV evolution of a 5,000 tonnes per annum design capacity 
AD plant with CHP depending on the actual amount of waste being processed. It can 
be seen that the more waste is processed, the higher the NPV becomes and the 
quicker the payback. Another result is that if the plant was to operate with waste from 
the Prupim developments only, the NPV would be lower than the original investment.
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Figure 33. NPV for 5,000 tonnes per annum AD plant depending on availability of waste
10.2Influence of the discount factor on the economic criteria
A value of 6% has been chosen as default for the discount factor, however, depending 
on the investment strategy, the value can be higher or lower. Figure 34 shows the NPV 
evolution with different discount factors, between 3.5% and 12% for the AD without 
CHP case and Figure 35 does the same for the Gasification without CHP case. There 
is an inverse correlation between the discount factor and the final NPV because the 
higher the discount factor, the lower the final NPV. This variation shows that when
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higher discount factors are applied, the NPV achieved may not justify the initial 
investment and that the payback period increases with the discount factor applied.
NPV of Anaerobic Digestion without CHP treating 5000 tpa
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Figure 34. NPV variation of an AD without CHP plant treating 5,000 tpa with different discount 
factors.
NPV of Gasification without CHP treating 30000 tpa
20 -
10 .
E
CkI
-20
2 0 0 9  2 0 12  20 1 5  2 0 1 8  2021 2 0 2 4  2 0 2 7  2 0 3 0  2 0 3 3  2 0 3 6  2 0 3 9
Date
Discount factor: 3 .5%  —■—  Discount factor: 5 .6%  D iscountfactor: 7 .7%
Discount factor: 9 .8%  Discountfactor: 12 .0%
Figure 35. NPV variation of a gasification plant without CHP treating 30,000 tpa with different 
discount factors.
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10.3Influence of heat sales on economic criteria
The amount of heat sold and the price at which it is sold affect the economic feasibility 
of EfW plants with CHP.
Heat can be sold at wholesale or at retail prices. In section 9.4 it was assumed that 
only 17 GWh of heat would be sold to cover the heat base load that might otherwise 
be provided by another CHP system. Also, it was assumed that heat from the plant 
would be sold at wholesale prices to an ESCO that would resell it at retail. Figure 36 
presents the results of these assumptions as well as other hypothetical cases where 
there is no limit to the amount of heat sold or it is sold at retail prices. The graph 
proves the logical result that the final NPV is higher when there is no cap on the 
amount of heat that can be sold and that because retail prices are higher than 
wholesale, extra revenues will be earned, higher NPV would be achieved and quicker 
paybacks will be obtained.
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Figure 36. Economic results variation depending on the amount and price of heat sold
10.4 Influence of heating network costs on the economic criteria
Having a heating network allows an extra revenue stream by distributing and selling 
heat. However, it also bears some costs. These include the additional capital cost of 
building the district heating network and the additional cost of maintaining it.
Depending on the exact arrangements of the EfW plant, these extra costs will be born 
by the developer or the ESCO. In this case study, it has been assumed that it will be 
the ESCO who will build and operate the heating network. Nevertheless, this section 
explores the effect on the economic criteria of the extra plant capital cost, over those
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of an electricity only plant, to allow the plant to generate and export heat. These may 
include special steam turbine, heat exchanger, etc., and they might need to be paid by 
the developer. There are not exact figures on these extra capital costs but a range of 
between 0% to 17% are quoted with an average of 8% (Patel et al., 1996; Institute for 
Prospective Technological Studies, 2005)
Figure 37, Figure 38 and Figure 39 shows the influence of the extra heating capital 
cost on the economic criteria discussed in the decision support tool.
NPV of Anaerobic Digestion with CHP treating 5000 tpa
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Figure 37. Economic results variation depending on the additional heating capital cost for an AD 
plant processing 5,000 tpa
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Figure 38. Economic results variation depending on the additional heating capital costs for a 
gasification/pyrolysis plant treating 30,000 tpa
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Figure 39. Economic results variation depending on the additional heating capital costs for a 
gasification/pyrolysis plant treating 30,000 tpa
In particular, Figure 39 shows that the initial extra capital cost born almost matches 
the reduction in the final NPV hence showing that offloading any extra cost to an 
external ESCO may be beneficial for the developer. Therefore, this extra capital cost 
needs be considered during the negotiation between the two parties regarding the 
heat sales and distribution.
10.5 Influence of plant capital costs on the economic criteria
The bespoke economic model used, contains capital cost information from several 
different sources. This allows estimating a “best-fit” capital cost within a relatively safe 
95% confidence interval as shown in Figure 40 for a gasification/pyrolysis plant.
Gasification/Pyrolysis capital costs
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Figure 40. Gasification/Pyrolysis plant capital costs and 95% confidence intervals
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However, the capital cost estimations depend on multiple factors and the impact that 
they may have needs to be assessed. These effects are estimated in this section by 
presenting the economic criteria results of a positive and negative 10% variation of the 
average capital cost estimated.
The following figures and tables show that the effects of a 10% capital cost change 
are multiplied in the economic criteria. Therefore, any reduction in the capital cost paid 
will greatly improve the project’s finances.
NPV of Anaerobic Digestion without CHP treating 5000 tpa
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Figure 41. Economic results variation with changes in the initial capital cost of an AD plant without 
CHP treating 5,000 tpa
Average 
capital cost - 
10%
Average 
capital cost
Average capital 
cost +10%
Initial capital cost £2,508,340 £2,787,044 £3,065,749
Percentage change -10% 0 +10%
Net Present Value £828,170 £287,725 -£252,719
Percentage change +187% 0 -187%
Payback 18 24 32
Percentage change -25% 0 +33%
Table 23. Economic results percentage variation with changes in the initial capital cost of an AD 
plant without CHP treating 5,000 tpa
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NPV of Gasification without CHP treating 30000 tpa
Ew
-10
-15
-20
2009 2012 2015 2018 2021 2024 2027 2030 2033 2036 2039
Date
■Average capital c o s t-10% ■ Average capital cost A verage capital cost +10%
Figure 42. Economic results variation with changes in the initial capital cost of a gasification plant 
without CHP treating 30,000 tpa
Average 
capital cost - 
10%
Average 
capital cost
Average capital 
cost +10%
Initial capital cost £13,913,594 £15,459,549 £17,005,503
Percentage change -10% 0 +10%
Net Present Value £15,593,581 £12,595,770 £9,597,958
Percentage change +24% 0 -24%
Payback 10 12 14
Percentage change -17% 0 +17%
Table 24. Economic results percentage variation with changes in the initial capital cost of a 
gasification plant without CHP treating 30,000 tpa
10.6 Influence of gate fees on the economic criteria
Another of the parameters that will affect the economic criteria results is gate fees. 
The possibility of attracting higher or lower gate fees for each tonne processed in an 
EfW plant affects greatly its economic performance.
Gate fees may be affected by local competition from nearby treatment plants that may 
lower gate fees to attract more waste, or higher gate fees may be obtained by treating 
wastes more difficult to dispose. Gate fees are estimated similarly to the plant capital 
costs, i.e. using published information and creating a best-fit line and within a 
confidence interval as shown in Figure 43. Once they are estimated, they are assumed
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to remain constant throughout the plant life time because there are no indications on 
how they may evolve in the long term.
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Figure 43. Gasification/Pyrolysis gate fees and 95% confidence intervals
The effects of these alterations are explored here by assessing the effects of a plus 
and minus 10% in the average gate fee estimated by the model. Using a gasification 
plant without CHP treating 30,000 tpa of waste it can be seen in Figure 44 and Table 
25 that a gate fee increase of 10% over the estimated average improves the final NPV 
by 26% and reduces the payback in one year. On the other hand, a 10% reduction 
reduces the NPV by 26% and increases the payback period by two years. Gate fee 
changes do not affect the initial plant capital cost.
Therefore, the higher the gate fees that can be charged for the waste processed at the 
plant, the higher the final NPV and quicker payback that will be achieved. 
Nevertheless, the actual gate fees need to be calculated accounting for local market 
conditions.
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Figure 44. Economic results variation with changes in gate fees for a gasification plant without 
CHP treating 30,000 tpa
Average gate 
fee -10%
Average gate 
fee
Average gate 
fee +10%
Initial capital cost £15,459,549 £15,459,549 £15,459,549
Percentage change 0.0% 0.0%
Net Present Value £9,322,009 £12,595,770 £15,869,530
Percentage change -26.0% 26.0%
Payback 14 12 11
Percentage change 16.7% -8.3%
Table 25. Economic results percentage variation with changes in the gate fees for a gasification 
plant without CHP treating 30,000 tpa
10.7Influence of wholesale electricity price on the economic 
criteria
The second most important source of revenue for an EfW plant is the electricity price. 
In this case study it has been assumed that all electricity will be sold back to the grid, 
rather than directly to final users, hence at wholesale prices. Despite wholesale prices 
being lower than retail, there is less complexity associated with customer relations, 
billing, etc. and there is also no need of private wire infrastructure or limits on how 
much can be sold.
In this section, the effect that the potential evolution of the wholesale electricity price 
may have on the economic criteria is explored. Several sources have been used to
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estimate current prices and their potential evolution. (DTI, 2004; Oxera, 2007; BERR, 
2008b; 2008a) yielding the three scenarios shown in Figure 45. The average scenario 
has been used in section 9 but the effect of the other two is explored here.
Wholesale electricity price evolution
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Figure 45. Possible wholesale electricity price evolution scenarios.
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Figure 46. Economic results variation with changes in wholesale electricity prices for a gasification 
plant without CHP treating 30,000 tpa
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Minimum
wholesale
price
Average
wholesale
price
Maximum
wholesale
price
Initial capital cost £15,459,549 £15,459,549 £15,459,549
Percentage change 0.0% 0.0%
Net Present Value £8,974,639 £12,595,770 £17,051,230
Percentage change -28.7% 35.4%
Payback 14 12 11
Percentage change 16.7% -8.3%
Table 26. Economic results percentage variation with changes in the wholesale electricity prices 
for a gasification plant without CHP treating 30,000 tpa
Figure 46 and Table 26 present the graphical and numerical results of the economic 
model for the three considered wholesale electricity price evolutions. It can be seen 
that this factor has a big influence and that the lower its price, the lower the revenue 
and consequently the final NPV and the longer the payback. Therefore, the wholesale 
electricity price has a large effect on an EfW plant feasibility.
10.8Influence of landfill tax on the economic criteria
The Chancellor of the Exchequer has stated in the latest budget forecast for 2009/10 
that the landfill tax escalator of 28/tonne per year will stay in place until 2013. That will 
make much more expensive for Local Authorities and business to dispose their wastes 
to landfill. Also, for the EfW plant operator, it will be more costly to dispose the ash or 
other plant’s residues. For example at the beginning of 2009, the landfill tax was £32 
per tonne, it was increased £8/tonne in April 2009 and after April 2013 it will be £64.
In the previous budget, the escalator would only exist until 2011, and that would 
shape the minimum landfill scenario. The average landfill scenario follows the 
Chancellor’s latest figures whereas the maximum landfill scenario assumes the 
escalator will remain in place until 2015. The evolution after the suppression of the 
escalator is unknown although in the model, a constant year to year increase of 2%, 
the Bank of England expected inflation rate, has been assumed.
Figure 47 and Table 27 present the results of these possible scenarios in the 
economic criteria for the case study of an AD plant without CHP treating 5,000 tpa. 
The effect is zero on the initial cost, relatively minimal on the payback and higher on 
the final NPV.
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Figure 47. Economic results variation with changes in the landfill tax for an AD plant without CHP 
treating 5,000 tpa
Minimum 
landfill tax 
scenario
Average landfill 
tax scenario
Maximum 
landfill tax 
scenario
Initial capital cost £2,787,044 £2,787,044 £2,787,044
Percentage change 0.0% 0.0%
Net Present Value £408,874 £287,725 £230,759
Percentage change 42.1% -19.8%
Payback 23 24 25
Percentage change -4.2% 4.2%
Table 27. Economic results percentage variation with changes in the landfill tax for an AD plant 
without CHP treating 5,000 tpa
10.9Influence of ROCs on the economic criteria
The Renewable Obligation is a subsidy to encourage renewable electricity generation. 
For every Renewable Obligation Certificate equivalent to one MWh of renewable 
electricity, a price is paid. The mechanism is complex and the price is not fixed. 
Nevertheless, in the model, a constant conservative price of £30/MWh is assumed. 
The percentage of renewable electricity generated in different EfW plants depends on 
the feedstock; it is 100% in the case of AD that uses biodegradable feedstock, 68% in 
the case of incineration and is yet to be firmly established in the case of 
gasification/pyrolysis (DTI, 2006). However, for gasification and pyrolysis plants, a 
90% has been used in the model based on previous Buro Happold projects. In the 
latest Budget report, the Chancellor has stated that the ROC system will be in place at 
least until 2037, extending the previous date for 10 years. Nevertheless, as legislation
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may change, the possibility of not getting any ROCs is also contemplated in this 
sensitivity analysis.
The Renewable Obligation system has just been reformed and it has included 
“banding” . This means than less developed technologies will received more support 
than the well established. The technologies considered in this case study can be 
assimilated to the advanced AD and gasification/pyrolysis hence the banding means 
that 2 ROCs will be awarded for each MWh generated. Despite this and because of 
the ongoing consultation, the value of 1 ROC per MWh have been used in previous 
section calculations although the effect of the proposed change is analysed here. 
Furthermore, the effect of ROC banding in this case study is analysed only on the non- 
CHP plants. This is because on CHP mode, less electricity will be generated, as 
shown in section 9.4, and less ROCs will be awarded.
Figure 48 shows the effects of different ROC scenarios on the economic criteria 
results for an AD plant without CHP treating 5,000 tpa. The scenarios include the 
scenario used in previous section, i.e. one ROC at £30/MWh, but also another three 
scenarios; the first one without any subsidy, i.e. “no ROCS” and two other with two 
ROCs per MWh at different prices, £30/MWh and £50/MWh.
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Figure 48. Economic results variation with changes in the ROCs for an AD plant without CHP 
treating 5,000 tpa
The graph shows that without incentives, the EfW plant will not be feasible and that 
the promised changes will greatly improve the NPV and the payback period, although 
not the initial capital cost, as presented in Table 28.
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1xROC@
£30/MWh No ROCS
2xROC@£30/
MWh
2xROC@£50/
MWh
Initial capital cost £2,787,044 £2,787,044 £2,787,044 £2,787,044
Percentage change 0.0% 0.0% 0.0%
Net Present Value £287,725 -£233,720 £809,171 £1,504,431
Percentage change -181.2% 181.2% 422.9%
Payback 24 31 19 15
Percentage change 29.2% -20.8% -37.5%
Table 28. Economic results percentage variation with changes in the Renewable Obligation for an 
AD plant without CHP treating 5,000 tpa
The possible Renewable Obligation changes on a gasification plant treating 30,000 
tpa, is shown in Figure 49 and Table 29. For this EfW technology at this scale, the 
Renewable Obligation incentive is not strictly necessary to guarantee the feasibility of 
the EfW plant although it greatly improves the NPV and payback period if compared 
with the reference scenario of one ROC at £30 per MWh.
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Figure 49. Economic results variation with changes in the ROCs for a gasification plant without 
CHP treating 30,000 tpa
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1x ROC 
@£30/MWh No ROCS
2xR0G
@£30/MWh
2xROG
@£50/MWh
Initial capital cost £15,459,549 £15,459,549 £15,459,549 £15,459,549
Percentage change 0.0% 0.0% 0.0%
Net Present Value £9,199,066 £5,802,363 £12,595,770 £17,124,707
Percentage change -36.9% 36.9% 86.2%
Payback 14 17 12 11
Percentage change 21.4% -14.3% -21.4%
Table 29. Economic results percentage variation with changes in the Renewable Obligation for a 
gasification plant without CHP treating 30,000 tpa
10.10lnfluence of plant lifespan on the economic criteria
This section discuses the effect of considering the project under a longer timeframe 
than the originally assumed 30 years.
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Figure 50. Economic results variation with changes in plant lifespan for an AD plant without CHP 
treating 5,000 tpa
Technically, with good maintenance, EfW plants could last more than 30 years and 
this could have an effect on the economic criteria being assessed. For example, the 
capital cost repayments will be lower for a longer lifespan and this will allow a higher 
NPV at the end of the plant life and quicker paybacks. This is shown in Figure 50 for 
an AD plant without CFIP treating 5,000 tpa. In this case, between 20 and 25 years 
would be necessary to achieve a positive NPV whereas in the case of an AD plant with
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CHP, the results show that 35 years would be required. Figure 51 shows the effect of 
plant lifespan for a gasification/pyrolysis plant without CHP treating 30,000 tonnes per 
annum.
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Figure 51. Economic results variation with changes in plant lifespan for a gasification plant without 
CHP treating 30,000 tpa
10.11 Influence of year of study in WRATE on the environmental 
criteria
This section analyses the influence of the year of study in the environmental criteria 
results. The year of study affects the environmental impact because the background 
systems change, and in particular the baseline and marginal electricity mix in WRATE. 
These mixes are incorporated in one of WRATE'S databases with information from 
different UK Government departments regarding the long term evolution of electricity 
generation. In Figure 17, the baseline and marginal fuel mixes for 2009 were presented 
whilst Figure 52 presents the expected mixes for 2019. The latter year has been 
chosen because the database has only information until 2020. The main baseline mix 
differences between the 2009 and 2019 mixes is that in the latter, wind and gas CCGT 
have a much larger contribution whereas coal and nuclear are reduced. Electricity 
waste generation appears although with an almost negligible contribution. Regarding 
marginal fuel mix, coal has a reduced contribution compensated by the increase of 
gas CCGT.
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Figure 52. WRATE baseline and marginal fuel mix in year 2019
Figure 53 presents the environmental criteria differences between the results of 
running the model with the 2019 and 2009 electricity mixes. No other parameter has 
been changed in the environmental model in order to isolate the effects of the 
background system evolution. It can be seen that the differences are positive for most 
criterion apart from FAETP. Differences are larger for thermal technologies compared 
to AD because they generate more energy. Nevertheless, differences in percentages 
are very low for HT, FAETP and EP, around 20% for ARD and slightly larger for 
GWP100 and AP. Big variations in these last two categories may be related to the use 
of less coal that emits more carbon dioxide and sulphur than gas CCGT plants and 
contribute to these two impact categories.
In conclusion, EfW environmental benefits will be reduced in the medium and long 
term. According to the forecasts, the energy from an EfW plant will displace energy 
generated mainly in cleaner gas CCGT plants in the future rather than dirty coal plants 
like know.
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Figure 53. Environmental impact result differences between the use of 2009 and 2019 electricity 
mix information.
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Anaerobic Digestion Gasification Pyrolysis
Business 
as usual
without
CHP with CHP
without
CHP with CHP
without
CHP with CHP
2019 Scenario results (Figures in European people ec uivalent)
ARD -557 -764 -2153 -4338 -2680 -4690 -1048
GW100 411 332 -270 -1064 363 -367 729
HT 82.3 13.6 -4.36 -31.8 5.91 -19.3 1.63
FAETP 128 -222 -337 -448 -401 -503 -355
AP 65.5 20.1 -1.86 -129 -109 -226 -44.2
EP 70.5 55.9 110 79.4 82 54.3 101
Absolute difference between 2019 and 2009 scenario results (Figures in European
people equivalent)
ARD 96 96 453 453 421 421 154
GW100 39 38 184 183 170 170 62
HT 0.4 0.4 1.8 1.8 1.69 1.7 0.61
FAETP -1 -1 -6 -6 -6 -5 -2
AP 15.1 15.08 71.84 72 66 67 24.4
EP 2 2.1 10 9.5 8.9 8.9 3.5
Table 30. Environmental analysis results for the 2019 electricity mix scenario and absolute 
differences per category with the 2009 scenario.
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11 Scoring and weighting results
This section will incorporate the scoring and weighting of the different scenarios and 
will present the results together into the ranking of preferred technologies.
This will be done with Mr. Stephen Tully in a face to face meeting using HiView 3 as a 
software.
The following tables summarise what criteria will need to be scored and weighted.
Anaerobic Digestion Gasification/Pyrolysis
Technical characteristics
Plant annual 
capacity in tonnes 
per annum
5,000 30,000
Plant footprint in 
hectares
0.26 0.84
Criteria for scoring and weighting
Amount of suitable 
feedstock available 
from Prupim 
developments.
Only 1,500 tonnes of suitable 
feedstock per annum would 
be generated by the Prupim 
developments.
The available quantity is likely 
to decrease in the long term.
Only 6,000 tonnes per annum 
of RDF would be produced 
with the waste generated 
within the four Prupim 
developments.
In the long term, the waste 
generation is likely to reduce.
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Anaerobic Digestion Gasification/Pyrolysis
Availability of 
external suitable 
feedstock and 
long-term supply
3,500 tonnes per annum of 
suitable feedstock extra will 
be required to run the plant. 
This is equivalent to 3.24 
“Prupim developments” .
Existing targets in the regional 
MSW strategy mean that 
more source segregated food 
waste will be collected in the 
region to achieve l_ATS 
targets. Moreover, food and 
garden waste are already 
segregated by businesses in 
the RE3 councils representing
156,000 tonnes of waste 
potentially available.
There are no public plans for 
anaerobic digestion or 
composting plants in the RE3 
strategy hence a relatively 
constant and secure supply of 
suitable feedstock in the long 
term could be envisaged.
24,000 tonnes per annum of 
suitable feedstock extra will 
be required to run the plant. 
This is equivalent to 4.86 
“Prupim developments” .
As part of the existing regional 
waste strategy, two MRP have 
been built to increase
recycling. Refuse derived fuel 
could be produced in these 
plants from 60% of the
estimated 220,000 tonnes per 
annum of MSW are still being 
landfilled or the 19% and 25% 
of the business waste not
segregated or considered as 
residual.
There are nearby proposed 
large thermal treatment plants 
nearby (e.g. Colnbrook) that 
could compete for the
feedstock.
Availability of land
There is enough land to build 
the plant.
There is enough land to build 
the plant.
Is the technology 
proven in the UK?
There is a limited commercial 
operation on source 
segregated MSW in the UK 
(e.g. Greenfinch plant in 
Ludlow) although it is well 
proven in continental Europe 
(Germany, Spain, etc.)
Until very recently there were 
only pilot demonstration 
plants (e.g.
CompactPower/Ethos in 
Avonmouth and Yorwaste 
plant at Scarborough). In 2008 
the gasification plant in the 
Isle of Wight started operation 
and there are a few others 
due to start operation in 2009. 
The technology has a good 
operational record in 
Scandinavian countries.
Table 31. Technical criteria for consideration.
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Anaerobic Digestion Gasification Pyrolysis
Business 
as usual
without
CHP with CHP
without
CHP with CHP
without
CHP with CHP
SCENARIO INFORMATION (Figures in tonnes per annum)
Total
scenario
waste
33,284 33,284 49,926 49,926 49,926 49,926 49,926
MSW 5,478 5,478 8,218 8,218 8,218 8,218 8,218
Non-
MSW
27,806 27,806 41,708 41,708 41,708 41,708 41,708
EfW
plant
capacity
5,000 5,000 30,000 30,000 30,000 30,000 0
SCENARIO RESULTS (Figures in European people ec uivalent)
ARD -653.0 -860.0 -2,606.0 -4,791.0 -3,101.0 -5,111.0 -1,202.0
GW100 372.0 294.0 -454.0 -1,247.0 193.0 -537.0 667.0
HT 81.9 13.2 -6.2 -33.6 4.2 -21.0 1.0
FAETP 129.0 -221.0 -331.0 -442.0 -395.0 -498.0 -353.0
AP 50.4 5.0 -73.7 -201.0 -175.0 -293.0 -68.6
EP 68.5 53.8 100.0 69.9 73.1 45.4 97.5
Table 32. Environmental analysis results for scoring and weighting.
Anaerobic 
Digestion 
with CHP
Gasification/ 
Pyrolysis 
with CHP
Anaerobic 
Digestion 
without CHP
Gasification/ 
Pyrolysis 
without CHP
Initial capital 
cost
£2,996,073 £16,619,015 £2,787,044 £15,459,549
NPV after 30 
years @ 6% 
discount rate
£418,648 £13,753,019 £614,636 £13,736,272
Payback (years) 23 12 21 12
Table 33. Economic results for weighting for CHP and non-CHP technologies
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Appendix I. WRATE to W ET categories_________________
Removed from here because they are presented in another appendix of the volume 2 
of the dissertation.
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Appendix II. WRATE model details
The number of waste containers used in the models has been estimated using the 
information for the 100 Longwater avenue building for offices and information from 
Reading Borough Council on the type of bins used in the residences they served.
Non-residential buildings have been assumed similar to the 100 Longwater Avenue, 
building where there are nine 1,100 litre residual wheelie bins serving an area of 
6874.8 m .^ Therefore a ratio of one 1,100 litre wheelie bin for each 763 m  ^ of non- 
residential building has been used. In total, 466 wheelie bins has been estimated for 
the 340,000 + 15,000 m  ^ of non-residential areas. The 15,000 m  ^ is an estimation for 
the buildings where no exact area has been provided. The number of 1,100 litre 
wheelie bins for putrescible waste has been estimated as one third of those for 
residual, i.e. 155 in total.
For the residential properties, each of the 1887 households has been modelled as 
having one 240 litre wheelie bin for residual waste apart from the scenario where AD is 
considered that there is an additional food caddie with 5 litre capacity for each 
residence.
The number of wheelie bins estimated above is just for the four Prupim developments 
under consideration. Flowever, as discussed in section 7, extra waste will be required 
and therefore, the number of containers has been increased in WRATE scenarios in 
the same proportion as the waste quantities.
d .in  I S tftH lili*  Terra in
GreenPark
' I f
Landfi
Figure 54. Transport distances to Grundon facilities
In order to model the transport distances, information from Grundon has been 
gathered. The distance from GreenPark to the nearest landfill in Bennham (Berkshire 
RG7 5PT) is approximately 10 miles as shown in Figure 54. However, RCV trips are
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modelled to 20 km to allow for the collection rounds. WRATE also models the 
percentage in time that the vehicle spends in different “modes” and these have been 
assumed as 50% highway, 25% road and 25% rural. The vehicles used are assumed 
to be waste collection vehicles in a 6x4 chassis using ultra low sulphur diesel.
Moreover, in the same location as the landfill there is a dirty MRP where residual 
waste is sorted to recover some materials. This dirty MRP facility could also produce 
Refuse Derived Fuel /  Solid Refuse Fuel (RDF/SRF) that might be used in the 
gasification or pyrolysis plants. The process used in the WRATE model is a MRF plant 
that can produce RDF/SRF for thermal treatment plants as well as cement kilns.
The following figures show the mass flow diagrams for the different WRATE models 
created
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Gasification Energos plant, treating 30,000 tpa, without CHP
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Pyrolysis CompactPower plant, treating 30,000 tpa, without CHP
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Appendix III. Economic model assumptions
Gasification plant without CHP treating 30,000 tpa.
Transport
Residue vehicle trip distance in km 20
Project timing
Project start date 01/01/2009
Project life time (years) 30
Plant start up date 01/01/2011
Project finances
Discount factor 6.0%
Technology
Plant type selection
Technology Gasification
CHP? without CHP
District heating network length in km 0
Additional opex due to district heating 8%
Plant Throughput in tonnes per annum 30,000
Plant uptime in hours per annum 8,000
Incentives of Gasification without CHP treating 30000 tpa
Renewable heat incentive Accounted at 0% £/MWh Average
Renewable electricity incentive (ROC) Accounted at 90% £/MWh Average
CCL electricity exemption Accounted at 50% £/MWh Average
Mixed Packaging Recovery Notice (PRN) Accounted at 19% £/tonne treated Average
Revenues of Gasification without CHP treating 30000 tpa
Electricity
Retail price Accounted at 0% £/MWh Average
Wholesale Accounted at 100% £/MWh Average
Heat
Retail Accounted at 0% £/MWh Average
Wholesale Accounted at 0% £/MWh Average
Materials
Recyclable metals Accounted at 100% £/tonne Average
Digestate Accounted at 0% £/tonne Average
Bottom ash Accounted at 75% £/tonne Average
Gate fees
Gate fee £/tonne Best fit line
Operational costs of Gasification without CHP treating 30000 tpa
Landfill
Landfill tax £/tonne Average
Non-hazardous £/tonne Average
Hazardous £/tonne Average
Labour
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Salary E/annum Average
Admin
Overheads % of labour Average
Insurance % of capital Average
Maintenance
Maintenance % of capital Average
Consumables
Consumables+vehicles E/tonne Average
Transport
Transport E/tonne and km Average
Capital costs of£/MWh Average treating E/tonne Average tpa
Plant capital cost Em Best fit
Heating capital cost E Average
Waste input
CV 14
Putrescible 0%
Energy output
Ultimate biogas production 0
Digestion efficiency 0%
Biogas energy content 0
Thermal efficiency 0%
Electric efficiency 19%
Parasitic thermal load 0%
Parasitic electric load 10%
Mass output
Recyclable metal 5%
Digestate 0%
Landfill 26%
Hazardous landfill 2%
Technology ratios
Life span 21
Land ratio 0.028
Employee ratio 0.292
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Gasification plant with CHP treating 30,000 tpa
Transport
Residue vehicle trip distance in km 20
Project timing
Proiect start date 01/01/2009
Project life time (years) 30
Plant start up date 01/01/2011
Project finances
Discount factor 6.0%
Technology
Plant type selection
Technology Gasification
CHP? with CHP
District heating network length in km 0
Additional opex due to district heating 8%
Plant Throughput in tonnes per annum 30,000
Plant uptime in hours per annum 8,000
Incentives of Gasification plant with CHP treating 30,000 tpa
Renewable heat incentive Accounted at 0% £/M W h Average
Renewable electricity incentive (ROC) Accounted at 90% £/M W h Average
CCL electricity exemption Accounted at 50% £/M W h Average
Mixed Packaging Recovery Notice (PRN) Accounted at 19% £/tonne treated Average
Revenues of Gasification plant with CHP treating 30,000 tpa
Electricity
Retail price Accounted at 0% £/M W h Average
Wholesale Accounted at 100% £/M W h Average
Heat
Retail Accounted at 0% £/M W h Average
Wholesale Accounted at 100% £/M W h Average
Materials
Recyclable metals Accounted at 100% £/tonne Average
Digestate Accounted at 0% £/tonne Average
Bottom ash Accounted at 75% £/tonne Average
Gate fees
Gate fee £/tonne Best fit line
Operational costs of Gasification plant with CHP treating 30,000 
tpa
Landfill
Landfill tax £/tonne Average
Non-hazardous £/tonne Average
Hazardous £/tonne Average
Labour
Salary £/annum Average
Admin
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Overheads % of labour Average
Insurance % of capital Average
Maintenance
Maintenance % of capital Average
Consumables
Consumables+vehicles £/tonne Average
Transport
Transport £/tonne and km Average
Capital costs of Gasification plant with CHP treating 30,000 tpa
Plant capital cost £m Best fit
Heating capital cost £ Average
Waste input
CV 14
Putrescible 0 %
Energy output
Ultimate biogas production 0
Digestion efficiency 0 %
Biogas energy content 0
Thermal efficiency 3 6 %
Electric efficiency 1 9 %
Parasitic thermal load 5 %
Parasitic electric load 1 1 %
Mass output
Recyclable metal 5%
Digestate 0 %
Landfill 26%
Hazardous landfill 2 %
Technology ratios
Life span 2 1
Land ratio 0.028
Employee ratio 0.292
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AD plant without CHP treating 5,000 tpa
Transport
Residue vehicle trip distance in km 2 0
Project timing
Proiect start date 01/01/2009
Proiect life time (years) 30
Plant start up date 0 1 / 0 1 / 2 0 1 1
Project finances
Discount factor 6 .0 %
Technology
Plant type selection
Technology A naerob ic  D igestion
CHP? w ithout C H P
District heating network length in km 0
Additional opex due to district heating 8 %
Plant Throughput in tonnes per annum 5 ,0 0 0
Plant uptime in hours per annum 8 , 0 0 0
Incentives of AD plant without CHP treating 5,000 tpa
Renewable heat incentive A ccounted  at 0 % £/M W h Average
Renewable electricity incentive (ROC) A ccounted  at 1 0 0 % £/M W h Average
CCL electricity exemption A ccounted  at 1 0 0 % £/M W h Average
Mixed Packaging Recovery Notice (PRN) A ccounted  at 0 % £/tonne treated Average
Revenues of AD plant without CHP treating 5,000 tpa
Electricity
Retail price A ccounted  at 0 % £/M W h Average
Wholesale A ccounted  at 1 0 0 % £/M W h Average
Heat
Retail A ccounted  at 0 % £/M W h Average
Wholesale A ccounted  at 0 % £/M W h Average
Materials
Recyclable metals A ccounted  a t 0 % £/tonne Average
Digestate A ccounted  a t 1 0 0 % £/tonne Average
Bottom ash A ccounted at 0 % £/tonne Average
Gate fees
Gate fee £/tonne Best fit line
Operational costs of AD plant without CHP treating 5,000 tpa
Landfill
Landfill tax £/tonne Average
Non-hazardous £/tonne Average
Hazardous £/tonne Average
Labour
Salary £/annum Average
Admin
Overheads % of labour Average
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Insurance % of capital Average
Maintenance
Maintenance % of capital Average
Consumables
Consumables+vehicles E/tonne Average
Transport
Transport E/tonne and km Average
Capital costs of AD plant without CHP treating 5,000 tpa
Plant capital cost Em Best fit
Heating capital cost E Average
Waste input
CV 0
Putrescible 2 5 %
Energy output
Ultimate biogas production 0 .8 7
Digestion efficiency 7 4 %
Biogas energy content 5 .8 3
Thermal efficiency 0 %
Electric efficiency 3 3 %
Parasitic thermal load 0 %
Parasitic electric load 1 0 %
Mass output
Recyclable metal 0 %
Digestate 5 2 %
Landfill 7 %
Hazardous landfill 0 %
Technology ratios
Life span 19
Land ratio 0 .0 5 3
Employee ratio 0 .2 4 0
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AD plant with CHP treating 5,000 tpa
Transport
Residue vehicle trip distance in km 2 0
Project timing
Proiect start date 01/01/2009
Project life time (years) 30
Plant start up date 0 1 / 0 1 / 2 0 1 1
Project finances
Discount factor 6 .0 %
Technology
Plant type selection
Technology A naerob ic  D igestion
CHP? w ith C H P
District heating network length in km 0
Additional opex due to district heating 8 %
Plant Throughput in tonnes per annum 5 ,0 0 0
Plant uptime in hours per annum 8 , 0 0 0
Incentives of AD plant with CHP treating 5,000 tpa
Renewable heat incentive A ccounted  at 0 % £/M W h Average
Renewable electricity incentive (ROC) A ccounted  at 1 0 0 % £/M W h Average
CCL electricity exemption A ccounted  at 1 0 0 % £/M W h Average
Mixed Packaging Recovery Notice (PRN) A ccounted  a t 0 % £/tonne treated Average
Revenues of AD plant with CHP treating 5,000 tpa
Electricity
Retail price A ccounted  at 0 % £/M W h Average
Wholesale A ccounted  at 1 0 0 % £/M W h Average
Heat
Retail A ccounted  at 0 % £/M W h Average
Wholesale A ccounted  at 1 0 0 % £/M W h Average
Materials
Recyclable metals A ccounted  at 0 % £/tonne Average
Digestate A ccounted  at 1 0 0 % £/tonne Average
Bottom ash A ccounted at 0 % £/tonne Average
Gate fees
Gate fee £/tonne Best fit line
Operational costs of AD plant with CHP treating 5,000 tpa
Landfill
Landfill tax £/tonne Average
Non-hazardous £/tonne Average
Hazardous £/tonne Average
Labour
Salary £/annum Average
Admin
Overheads % of labour Average
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Insurance % of capital Average
Maintenance
Maintenance % of capital Average
Consumables
Consumables+vehicles £/tonne Average
Transport
Transport £/tonne and km Average
Capital costs of AD plant with CHP treating 5,000 tpa
Plant capital cost £m Best fit
Heating capital cost £ Average
Waste input
CV 0
Putrescible 2 5 %
Energy output
Ultimate biogas production 0 .8 7
Digestion efficiency 7 4 %
Biogas energy content 5 .8 3
Thermal efficiency 5 0 %
Electric efficiency 2 6 %
Parasitic thermal load 3 3 %
Parasitic electric load 1 0 %
Mass output
Recyclable metal 0 %
Digestate 5 2 %
Landfill 7 %
Hazardous landfill 0 %
Technology ratios
Life span 19
Land ratio 0 .0 5 3
Employee ratio 0 .2 4 0
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Renewable heat incentive
T he renew able  heat incentive param eter has not been used in the  m odelling hence it 
has been fixed with a  value of £ 0 /M W h
Renewable electricity incentive (ROC)
A conservative constant value throughout the w hole  project lifespan of £ 3 0 /M W h  has 
been used.
CCL electricity exemption
T he C lim ate C hange Levy exception  applies for non-fossil fuel origin electricity. The  
20 0 8  value w as £ 2 .2 1 /M W h . It has assum ed that it rem ains constant for all the project 
lifespan.
Mixed Packaging Recovery Notice (PRN)
PRN  are certificates used by packaging producers to justify that a  percen tage of their 
packaging gets recyc led /treated . Their price is m arket d epen d an t although in the past, 
the  price has presented little variation around betw een  £ 1 /to n n e  and £2 /to n n e . A  
constant value of £ 1 .5 /to n ne  has been assum ed for the w hole project lifespan.
Electricity retail and wholesale prices
T he price of electricity is fixed by m arket conditions. M oreover, retail prices are higher 
than w holesale. Using published inform ation from  d ifferent G overnm ent D epartm ents  
the  retail price has been estim ated  at £ 9 0 /M W h  w hereas the w holesale  price has been  
estim ated  at £ 5 0 /M W h . Their possible evolution, accord ing  to these sources, is not 
clear and can be either ascending or descending  as show n in the next figure.
Wholesale and Retail potential electricity price evolution
160
140
1 2 0
1 0 0
^A
-A— Wholesale £7MWh Min 
-A— Retail £ /M W h Min
■ Wholesale £/M W h Average 
Retail £/M W h Average
Wholesale £/M W h Max 
■ Retail £/M W h Max
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Heat retail and wholesale prices.
Sim ilarly to  electricity, G overnm ent D epartm ent d a ta  and forecasts have been used to  
estim ate  the price of retail and w holesale heat. A lso, the central scenarios have  
assum ed constant prices of £ 3 0 /M W h  for retail heat and £ 1 5 /M W h  for w holesale  heat. 
H ow ever, it is not exp ected  that heat prices w ould  increase in the fu ture but rather 
decrease, particularly retail prices, as show n in next figure.
Wholesale and Retail potential heat price evolution
35 -
30 -
25 -
I
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-A— Wholesale £/M W h Min 
-h— Retail £ /M W h Min
-Wholesale £ /M W h Average 
Retail £ /M W h Average
• Wholesale £/M W h Max 
■ Retail £ /M W h Max
Recyclable metals
T he price of recyclable m etals depends on their quality and their type, how ever, a  
constant and uniform conservative price of £5 /to n n e  has been assum ed for the w ho le  
project lifetime.
Digestate
There is an incipient m arket for d igestate  as a  fertiliser and prices of around £5 /to n n e  
have been quoted , how ever, this revenue has not been accounted  in the m odel. The  
reason for not considering it is because legislation on defining d igesta te  as w as te  or 
as a  product is very recent and the m arket is not well established. Therefore , a  
conservative approach  has been taken  assum ing that the d igestate  is not sold, but 
there is no need to  pay for disposing it either.
Bottom ash
Sim ilarly to  d igestate, bottom  ash can be sold although there is not a well estab lished  
m arket for it and there are som e legislative issues around it. Therefore, it has been  
assum ed again that a percen tage of the bottom  is exchanged  at £ 0 /to n n e  and th a t the  
rem aining still needs to be d isposed in norm al landfills.
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Gate fees
G ate  fees have been estim ated  from  published d a ta  by W R A P  and o ther sources. A  
best fit line has been calcu lated  as well as a  9 5 %  confidence interval (Cl) for it. For the  
tw o  E fW  plants considered, th e  results are show n in the next tab le .
G asification plant 
treating 3 0 ,0 0 0  tp a
A naerob ic  digestion  
plant treating 5 ,0 0 0  tp a
£ /to n n e  low er 9 5 %  Cl 4 2 .6 7 2 .8 3
£ /to n n e  B est fit line 8 6 .2 8 86.41
£ /to n n e  upper 9 5 %  Cl 1 2 9 .9 0 1 6 9 .9 9
It can be seen that the confidence intervals are relatively large, this is because there  is 
a  lim ited am ount o f inform ation published hence the estim ation can not be done very  
accurately .
Landfill tax
A  tax  m ust be paid for every tonne of w aste  d isposed of in a  landfill. In the case of an  
EfW  plant, tax  is paid on the p lan t’s b y -p roducts  that cannot be sold. In the  recent 
B udget announcem ent, the  C hancello r stated  that the landfill tax  esca la tor will 
increase by £ 8 /to n n e  per annum  until 2 0 1 3  and that has been incorporated  in the  
m odel. H ow ever, its future evolution has not been d iscussed and in the m odel, it has 
been assum ed that it will increase in line w ith  the  B ank o f E ng land ’s long-term  inflation  
rate objective o f 2 % .
The  following graph show s the landfill tax  evolution used in the m odel.
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Landfill tax evolution
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Hazardous and non-hazardous landfill gate fee
In addition to the landfill tax, landfill operators charge a  gate fee  for every tonne of 
w aste  d isposed in their landfills. This fee  is m uch higher for hazardous w astes  that 
im ply m ore costly handling and require higher aftercare. Using inform ation from  
W R A P , a  hazardous landfill gate  fee  of £ 1 7 5 /to n n e  and a  non-hazardous landfill gate  
fee  of £ 2 1 /to n n e  have been used for the w hole plant lifespan.
Salary
Em ployees salaries are one of the operating costs of an EfW  facility. Using inform ation  
from  published reports and econom ic m odels for PFI projects, a  figure of £ 3 0 ,0 0 0  per 
em ployee per annum  has been assum ed for the w hole length o f the project. T he  
num ber of em ployees has been calcu lated  using an average ratio of num ber of 
em ployees per facility and the plant capacity  in thousands of tonnes per annum .
Overheads
A dm inistrative costs have been represented as a  percen tage of the  total salary costs  
and an average value of 1 7 .5 %  of the salary costs have been used follow ing d a ta  
published in the sam e sources as the salary.
Insurance
Insurance is another recurrent operational cost that has been m odelled. It is usually  
related to the total capital cost of the project although som etim es it is subd iv ided  on 
the civil and m echanical/e lectrica l com ponents . The sim plified ap proach  of 
considering insurance cost as a  percentage of the capital costs has been used w ith  
inform ation from  PFI projects and w aste  strategies. T he  value used has been a  1 %  of 
the  total capital cost.
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Maintenance
Sim ilarly to  insurance, m aintenance is another recurrent operational cost and it has 
also been represented  as a  percen tag e  o f the p lan t’s capital costs. In this case, a  3 %  
figure has been used w ith  inform ation from  the sam e PFI projects and w aste  
strategies.
Consumables + vehicles
An operating p lant requires so m e consum ables and also fuel fo r som e of the vehicles  
used within it. This operating  cost has been assum ed constant a t £ 5 /to n n e  following  
inform ation published in so m e PFI projects.
Transport
Conversely to  the  vehicles operating within th e  plant, fuel m ust be paid to  transport 
the  p lan t’s by-p roducts  to  their final destinations, e .g . recycling facilities, landfill, etc. 
This recurrent operational cost accounts  fo r these and is represented  as a  cost of 
£ 0 .1 5  p er tonne and p er km  transported .
Plant capital cost
Sim ilarly to  gate  fees, inform ation on capital cost from  several d ifferent facilities have  
been gathered  and a  best fit line has been created  to  estim ate  the capital cost o f an 
EfW  facility o f any given size. A  9 5 %  confidence interval (01) is also calcu lated  
although the range obtained is quite large as show n in next tab le  and the  low er 
boundaries are zero.
G asification p lant 
treating 3 0 ,0 0 0  tp a
A naerob ic  d igestion  
plant treating  5 ,0 0 0  tp a
£m  low er 9 5 %  Cl 0 . 0 0 0 . 0 0
£m  B est fit line 1 5 .4 6 2 .7 9
£m  upper 9 5 %  Cl 4 7 .8 8 4 7 .5 0
Heating capital cost
C H P  plants are m ore expensive than n o n -C H P  plants because  they require  
custom ised or extra equipm ent, e .g . special turb ines or heat exchangers. T h e  m odel 
estim ates this extra  costs as a  p ercen tage  o f the  original estim ated  n o n -C H P  cost 
w orked  out as show n in th e  previous section . D ifferent sources quote  increases o f up  
to 1 7 %  although for so m e others there are  no cost differences b etw een  C H P  and  non - 
C H P  plants. Therefore, an average value of 8 %  has been used in the m odel.
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Appendix IV. Economic model detailed results
AD with CHP
NPV of Anaerobic Digestion with CHP treating 5000 tpa
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Revenues of Anaerobic Digestion with CHP treating 5000 tpa
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Operational costs of Anaerobic Digestion with CHP treating 5000 tpa
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Capital costs of Anaerobic Digestion with CHP treating 5000 tpa
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AD without CHP
NPV of Anaerobic Digestion without CHP treating 5000 tpa
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Incentives of Anaerobic Digestion without CHP treating 5000 tpa
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Operational costs of Anaerobic Digestion without CHP treating 5000 tpa
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Capital costs of Anaerobic Digestion without CHP treating 5000 tpa
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Gasification with CHP
NPV of Gasification with CHP treating 30000 tpa
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Revenues of Gasification with CHP treating 30000 tpa
Date
S>
□  Electricity Sales □  Heat Sales □  Recyclable metals □  Digestate □  Bottom ash ■  G ate fee
§
4.0
3.5
3.0
2.5
2 . 0
1.5
1 . 0  
0.5  
0 . 0
/
Operational costs of Gasification with CHP treating 30000 tpa
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Capital costs of Gasification with CHP treating 30000 tpa
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Gasification without CHP
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Incentives of Gasification without CHP treating 30000 tpa
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Revenues of Gasification without CHP treating 30000 tpa
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